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ABSTRACT OF THE DISSERTATION
Identification and Characterization of Aer, an Energy Sensor in Escherichia coli

by

Anuradha Rebbapragada
Doctor of Philosophy, Graduate Program in Microbiology
Loma Linda University, June 2000
Dr. Barry L. Taylor, Chairperson

This study investigated the mechanism of signal transduction by Aer, the
aerotaxis transducer in E.coli. A computerized search of GenBank revealed an
open reading frame at 69.1 min on the E.co//chromosome that had a C-terminal
fragment with 96.7% identity to the highly conserved domain of Tsr. The open
reading frame was renamed aer for aerotaxis and energy responses. When the
aer gene was inactivated, approximately 50% of aerotaxis responses were
eliminated. When both aer and fsr were inactivated, aerotaxis, redox taxis and
glycerol taxis were completely abolished. Expressing Aer in aer fsr cells restored
aerotaxis responses and the duration of responses progressively lengthened with
the amount of Aer overexpression. These results confirmed that Aer and Tsr are
independently sense intracellular energy levels and transduce oxygen, redox and
energy signals.
Sequence analysis of Aer revealed a PAS domain in the N-terminus of the
protein. PAS domains are input modules found in a large family of light, oxygen,

voltage and redox sensors. Forty two conserved and non-conserved Aer PAS
domain residues were serially replaced with cysteine to measure their effect on
sensing and signaling by Aer. This study identified Aer PAS domain residues
important for FAD binding, sensing, signal bias and signal output. A 3D model of
the Aer PAS domain was generated using PYP as the structural template.
Important residues were mapped on the Aer PAS model and an active site for
FAD binding and signal transduction was proposed.
Different approaches were used to identify the upstream component in the
electron transport system that signals to Aer. The yeast two hybrid system was
utilized to assay interactions between Aer and all other proteins encoded by a
E.coli genomic library. The role of NADH dehydrogenase I in aerotaxis was also
investigated by measuring responses of nuo fsr cells. The study indicated that
Aer can function in the absence of NADH dehydrogenase I.
We sought to isolate and purify the soluble N-terminus of Aer. However, the
N-terminus peptide formed inclusion bodies. Co-expressing the GroESL
chaperonins alleviated inclusion body formation and increased the solubility of
Aer.
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CHAPTER ONE
I. INTRODUCTION
A. Overview of early observations
Bacterial responses to oxygen have been studied since the dawn of
microscopy when Anton van Leuwenhoek observed bacterial accumulation at the
surface of pepper-water (Dobell, 1932). The ability of motile bacteria to migrate
toward or away from oxygen has been documented for more than 100 years and
a historical perspective of these studies is provided by Clayton (1957, 1958),
Berg (1975) and Taylor (1983a). The process by which bacteria navigate in a
spatial gradient of oxygen to accumulate at the preferred concentration of oxygen
while moving away from higher or lower concentrations of oxygen was termed
aerotaxis.
Engelmann pioneered studies of aerotaxis and phototaxis and in 1881
reported that bacteria aggregate near an oxygen source (Engelmann, 1881).
Later, Engelmann used this phenomenon of bacterial aggregation near oxygen to
demonstrate that algae and plant cells release oxygen (Engelmann, 1881b).
This movement of motile bacterial towards an oxygen source has been
documented by several independent studies (Beijerinck, 1893; Pfeffer, 1883;
Jennings and Crosby, 1901). Beijerinck extended Engelmann’s studies and
observed that motile bacteria in a test tube move to, and band at, a certain
optimal concentration of oxygen. If the air above the surface of the culture was
replaced with oxygen, the band descended while, with hydrogen the band
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ascended (Beijernick, 1893). Beijerinck was the first to postulate that bacteria
seek an optimal concentration of oxygen.
Baracchini and Sherris (1959) studied the effects of different gases on band
formation and movement. Their results showed that the position of the band
varied according to the oxygen content of the atmosphere above the meniscus in
a bacterial culture. A high oxygen tension caused the band to withdraw rapidly
from the meniscus while, a low oxygen tension caused it to move towards the
meniscus. The maintenance of the band’s integrity and the speed of movement
indicated that the process is due to tactic responses to oxygen tension.
Baracchini and Sherris (1959) postulated that the band’s ascent towards oxygen
was due to a “continuous alteration in the oxygen tension in the immediate
environment of the organisms by their own metabolic activity”. Thus, bacteria
moved towards higher oxygen concentrations after they consumed the local
oxygen.
Species-specific band formation was surveyed in 38 species by Baracchini
and Sherris (1959); their study showed that different species of motile bacteria
band at specific positions in an oxygen gradient. When a bacterial culture is
added to a capillary tube, obligate aerobes migrate to the air-liquid interface,
microaerophiles congregate in a focused band away from the air interface and
anaerobes migrate to an anoxic region. They speculated that aerotaxis may have
a role in the survival of motile organisms by moving them to a partial pressure of
oxygen that is optimal for a cell’s particular metabolic lifestyle (Baracchini and
Sherris, 1959).
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Although the phenomenon of aerotaxis was well documented, the sensor that
mediated this response remained elusive. An intracellular energy sensor was
proposed to transduce signals that move bacteria to a preferred oxygen
concentration (Glagolev, 1980; Taylor et al., 1983a,b). The sensing and signaling
mechanisms underlying aerotaxis were characterized, primarily by Barry Taylor’s
laboratory, and laid the foundation for this dissertation (see Taylor, 1983a,b;
Taylor and Zhulin, 1998 and Taylor et al., 1999 for reviews). The well
characterized bacterial chemotaxis system, the modular design of signaling
circuits and insights into the signals underlying “oxygen sensing” enabled the
discovery of the Aer (aerotaxis and energy responses) transducer and will be
described in subsequent sections of this chapter.
B. Bacterial Chemotaxis and Motility
1. Background
Bacterial chemotaxis, behavioral responses to chemicals, is considered to be
the simplest behavioral response and is analogous to a “nervous system” that
links detection and response. Information gleaned from the past thirty years has
established the Escherichia coli (E.coii) chemotaxis signal transduction system
as a paradigm for understanding fundamental mechanisms of cellular networks
that orchestrate adaptive responses to environmental stimuli. Bacterial
chemotaxis is now the first behavioral system to be deciphered in molecular
detail.
Chemotaxis was first documented by the German botanist Wilhelm Pfeffer in
the 1880s. Pfeffer demonstrated that bacteria accumulate near the mouth of a
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capillary that contains an attractant chemical (Adler, 1969; Bunning, 1989). Initial
diffusion of the chemical out of the tube causes bacteria to congregate near the
mouth of the capillary. Subsequently, bacteria move up the attractant gradient
toward the region of greater concentration inside the tube and accumulate within
the capillary itself. Repellents cause a decrease in the number of cells that
accumulate in the capillary. The movement towards attractant and away from
repellent was called positive and negative chemotaxis, respectively.
Julius Adler advanced chemotaxis studies from phenomenological
observations to detailed genetic and molecular analysis. Prior to Adler,
chemotaxis was observed in complex media and did not quantify the magnitude
of the chemotaxis response. To demonstrate response to a specific stimulus,
Adler used defined media in which a minimal media salts solution contained a
specific amino acid (Mesibov and Adler, 1972). Adler utilized the capillary assay
to quantify “positive” and “negative” chemotaxis, i.e. movement “towards” and
“away” from defined chemical stimuli. The accumulation of E.coli inside capillary
tubes containing different amino acids and sugars was measured (Adler, 1969).
Adler also demonstrated positive chemotaxis in a swarm plate. In this
method, bacteria inoculated at the center of a semi-soft agar plate migrate
outwards in concentric circles when they exhaust the local supply of attractant.
The bacteria then follow the attractant gradient produced by their consumption
while increasing their population. The result is an expanding ring of bacteria,
visible to the naked eye, that marks the boundary between attractant-depleted
and attractant-enriched regions (Adler, 1969).
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Adler’s genetic analysis and plate assays identified the following classes of
“behavioral” mutants: (1) “non-motile” cells that remain at the spot of inoculation;
(2) “generally non-chemotactic” cells that spread out by random movement; and
(3) “specifically non-chemotactic” cells that have lost the ability to be attracted or
repelled by one chemical or specific class of chemicals. Non-motile cells
contained mutations in flagellar or motor genes. Generally non-chemotactic cells
are able to swim but contain mutations in chemotaxis components that prevent
them from responding to any attractant or repellent stimuli. Specifically nonchemotactic cells have a mutation in a specific receptor that senses a particular
attractant or repellent. Complementation studies with non-chemotactic mutants
identified and mapped genes involved in the response (Armstrong and Adler,
1969 a, b). Generally non-chemotactic cells were defective in at least 3 genes
designated cheA, cheB and cheY, that encode components of a common path
through which information from different receptors is channeled (Armstrong and
Adler, 1969a). Mutations in the serine and aspartate chemoreceptors were
identified in cells that were specifically non-chemotactic to serine or asparate,
respectively (Mesibov and Adler, 1972).
Chemotaxis in E.coli is independent of uptake or metabolism of the chemical
stimulus (Adler, 1969). For example, chemotaxis to D-galactose is normal in
galactose permease or galactokinase mutants (Adler, 1969). Evidence that
bacteria sense attractants perse coupled with the discovery of specifically-non
chemotactic mutants led Adler to propose that bacteria contain “chemosensors”
that detect specific stimuli (Adler 1969). Subsequently, Adler found that E.coli
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uses a galactose sensor (galactose-binding protein) located in the periplasmic
space to bind the ligand to the receptor (Hazelbauer and Adler, 1971). Galactose
transport mutants were not defective in galactose chemotaxis while, galactose
binding protein mutants were defective in both chemotaxis and transport. The
results indicated that transport is not required for galactose taxis and bacteria
detect changes in the fraction of binding protein associated with galactose, not
the rate of transport (Ordal and Adler, 1974).
Adler showed that methionine is required for chemotaxis (Springer et al.
1975). Removal of methionine causes methionine auxotrophs to swim smoothly
and not to respond to either attractants or repellents. S-adenosylmethionine
(AdoMet) was identified as a methyl donor that methylated a protein (later
identified as the Tsr chemoreceptor) in the bacterial membrane (Kort et al., 1975;
Springer et al., 1977; Springer et al., 1979). Such receptors were named methylaccepting chemotaxis proteins (MCP) (Kort et al., 1975; Kondoh et al., 1979;
Springer et al., 1979). Subsequently three other homologous methylatable
transducers, Tar, Trg and Tap, were identified in E.coli (Springer et al., 1977;
Wang and Koshland, 1980; Kondoh et al., 1979; Hazelbauer and Engstrom,
1980; Hedblom and Adler, 1980; Krikos et al., 1983). Methionine is required for
adaptation in bacterial chemotaxis and MCPs are reversibly methylated at
glutamate residues (Springer et al., 1975; Springer et al., 1977; Goy et al., 1978;
Springer et al., 1979; Engstrom and Hazelbauer, 1980).
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2. Swimming Patterns in Spatial and Temporal Gradients
Bacteria can detect a chemical concentration change of 1 part in 10,000 per
cell length (2-3 pm) when swimming at maximum velocity (30 pm/sec) (Segall et
al., 1986). The purposeful migration of bacteria towards attractants and away
from repellents, is regulated by a sensory network that monitors temporal
changes in chemical stimuli levels. The excitation process involves sensory
reception (ligand binding to a transmembrane receptor) and signal transduction
from the receptor’s periplasmic ligand binding domain to cytoplasmic chemotaxis
components and ultimately to the flagellar switch component (FiiM) to induce a
change in swimming direction. Direction is controlled by modulating the
frequency of transition between clockwise and counterclockwise flagellar rotation.
Adaptation returns the cell to its pre-stimulus swimming behavior, despite the
continued presence of ligand/stimulus molecules.
The study of chemotaxis was greatly advanced when Howard Berg
constructed a microscope that automatically tracks the three dimensional motion
of individual bacteria (Berg and Brown, 1972). In this apparatus, bacteria are
suspended in a small windowed chamber mounted on an electromechanical
transducer. The image of a swimming cell is focused at the ends of six optical
fibers connected to a photomultiplier. Light outputs from the optical fibers are
converted into error signals that are amplified to control the position of the
transducer. The chamber moves in the direction that reduces the error signal.
Thus, the cell appears as a fixed bright image in a dark field and the
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displacement of the transducer provides a record of the cell’s movement through
the media.
The swimming pattern of Eco// resembles a three-dimensional random walk
(Fig 1.1). A cell moves along a relatively straight path for one second (runs),
stops and jiggles about for 0.1 seconds (tumbles) and then resumes the run
(Berg and Brown, 1972). Tumbles occur at random intervals, about once a
second and can reorient the cell’s swimming direction. A tumble occurs when
the flagellar bundle flies apart. When the tumble ends, the flagellar bundle forms
again and propels the cell in a new direction (Macnab and Koshland, 1972).
Recently Turner et al., (2000) demonstrated that reversal of a single flagellum
can cause the flagellum to briefly disassemble from the flagellar bundle, shift the
direction of the bacteria and rejoin the bundle. In general, the angle of change in
direction of the cell body was proportional to the number of disassembled flagella
(Turner et al., 2000).
What determines whether or not a bacterial cell changes direction? A
swimming cell solely reliant on spatial sensing would constantly compare the
concentration of attractant at its head and at its tail; when the concentration of
attractant at the head is greater than the concentration of attractant at the tail, the
bacterium will keep swimming in the same direction. When the concentration of
attractant at the head is less than the concentration of at the tail, the bacterium
will tumble and change direction. However, a bacterium is too small (2-3 pm)
and moves too rapidly for this mechanism to be efficient. The experimental
observations indicate that bacteria use temporal sensing, not spatial sensing and
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Fig. 1.1 Three dimensional walk.
In the absence of a chemotactic signal (A), the
bacterium executes a random walk. A cell moves
along a straight path (runs), stops and jiggles
about (tumbles), and runs again. In the presence of
a chemotactic attractant (B), tumbling is
suppressed when swimming towards a higher
attractant concentration. Thus, the cell gradually
moves towards the attractant by increasing the
length of favorable runs in a biased random walk
(Adapted from Berg and Brown, 1972).

o

respond to sudden changes in attractant concentration even when the
concentration of attractant is spatially homogenous (Macnab and Koshland,
1972).
Using temporal sensing, a swimming cell measures the rate of change in
attractant concentration and when A[attractant]/ Atime is greater than zero, the
bacterium suppresses tumbles and continues in the same course (Stock and
Surette, 1996). Therefore, bacteria execute a biased walk that leads to a net
migration and accumulation near attractant (Berg and Brown, 1972; Brown and
Berg, 1974; Berg and Tedesco, 1975). The time span for temporal comparisons
cannot be too short or too long; a short time span will be too sensitive to local
fluctuations in concentration while a lengthy time span will inhibit reorientation
(tumbles) after a change in concentration has occurred (Koshland, 1974; Berg
and Tedesco, 1975).
Adaptation by methylating key glutamate residues is unique to bacterial
chemoreceptors and provides a robust adaptation mechanism that maintains
approximately steady state behavior under a wide range of different
environmental conditions (Barkai and Leibler, 1997). The time interval (transition
or adaptation time) between adding the stimulus and adaptation (smooth or
tumbling to random motility) is a linear function of the change in receptor
occupancy (Berg and Tedesco, 1975; Spudich and Koshland, 1975). Response
to the addition of multiple attractants (or incremental increase in attractant
concentration) is additive while, simultaneous addition of an attractant and
repellent cancels the signal with no net excitation or adaptation response. The
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linear dependence of the adaptation time on changes in receptor occupancy
indicated that this process occurs at a constant rate (Berg and Tedesco, 1975;
Kehry et al., 1985).
3. Bacterial Motility and Flagellar Rotation
Counterclockwise (CCW) rotation of the flagellum induces a left-handed
helical filament and causes the flagella to come together in a bundle to propel the
cell forward. Clockwise (CW) rotation induces a right-handed helical filament and
causes the bundle to fly apart making the cell tumble. Each flagellum rotates and
switches individually under the control of signals generated by sensing of stimuli
by the chemoreceptors.
A typical E.coli or S. typhimurium bacterium averages 1

in length and 0.5

pM in diameter and contains 5-12 peritrichous flagella (distributed randomly
across the cell surface). Synchronously rotating flagella propel the bacterium
through liquid media at speeds of 20-30 jam/s (Berg and Anderson, 1973;
Macnab and Koshland, 1974; Macnab, 1976). Viscous forces are important for
bacterial motility since bacterial life at low Reynold’s number makes inertial and
turbulent forces inconsequential (Berg, 1975; Purcell, 1977).
The 10-20 jum long left-handed, semi-rigid helical filament passively converts
rotational force (torque) into translational force (thrust) (Berg, 1983). Torque or
flagellar motor rotation is powered by the membrane gradient of protons or, in
some species, sodium ions and not from ATP hydrolysis (Larsen et al., 1974a;
Manson et al., 1977). In addition to returning through the F0Fi ATP synthase to
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synthesize ATP, protons are directly used to generate torque for the motor. Thus
the flagellar motor converts chemical energy into work / motor rotation.
Electron microscopy revealed the complex structure of E.co//flagella. An
E.co//flagellum consists of (1) a basal body inserted into the cell envelope
(DePamphilis and Adler, 1971a,b; Aizawa et al., 1985); (2) a short flexible hook
outside the cell (Berg and Anderson, 1973; Macnab and Aizawa, 1984); and (3) a
long helical filament joined to the hook (Macnab and Koshland, 1974). The
flexible hook serves as a universal joint coupling the rod to the filament.
Proteins in the basal body include FlgB, FlgC, FlgF and FlgG in the rod, FlgH,
Flgl and FliF in the rings and FliE, whose location is not known (Macnab, 1996).
Fig and Fli refer to chromosomal regions I and llla/lllb, respectively, which
encode different flagellar genes. Mutant phenotypes associated with different
components indicate that the basal body is a passive structure, not directly
involved in torque generation or switching (Macnab, 1996). Basal bodies from
wild type strains have an additional structural element known as the C ring
(cytoplasmic ring) which contains all three of the switch proteins, FliG, FliM and
FliN (Francis et al., 1994) (Fig. 1.2). FliG is required for flagellar assembly as
well as rotation (Yamaguchi et al., 1986a). FliG binds FliM and FliN to form a
“switch complex” that controls the direction of motor rotation (Yamaguchi et al.,
1986b). When phosphorylated CheY (response regulator protein) binds FliM, it
induces a conformational change in the switch complex that is thought to switch
flagellar rotation from CCW to CW (Welch et al., 1993). Interactions between
FliM and FliN are thought to hold FliG in the proper orientation in the
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Fig. 1.2. Flagellar motor.
Motile bacteria are propelled by flagella, which are rigid
helical filaments turned by rotary motors in the cell
membrane. The switch controls the direction of rotation.
The ion-conducting proteins of the stator and FliG
participate in torque. The C-terminus of FilG (shaded
black) contains functionally important charged residues
that interact with the stator during rotation. CM,
cytoplasmic membrane; OM, outer membrane; PG,
peptidoglycan. Adapted from Lloyd et al., 1999.
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motor, and also reposition FliG when the motor switches direction (Lloyd et al.,
1999). Genetic, physiological and structural studies provide strong support for the
view that FliG, FliM and FliN function together in a complex as the flagellar motor
“rotor”.
Each flagellar motor contains MotA-MotB complexes that are arranged in a
ring at the base of the flagellum and function independently to generate torque
(Blair and Berg, 1988; Block and Berg, 1984; Khan et al., 1988). MotA has four
membrane spanning domains and two critical proline residues (Pro173 and 222)
that are thought to couple proton flow to motor rotation (Blair and Berg, 1990;
Braun et al., 1999).
The molecular mechanism of flagellar motor rotation is not fully understood.
Among the many proteins needed for the assembly and function of bacterial
flagella, only three, MotA, MotB and FliG, have been implicated in torque
generation. Thus, interactions between components of the rotor and stator must
drive torque in the flagellar motor (Tang et al., 1996). Mutational studies of the
rotor protein FliG and the stator protein MotA showed that both proteins contain
charged residues that may be functionally important for electrostatic interactions
between the rotor and stator. Several combinations of FliG mutations with MotA
mutations exhibited strong synergism, whereas others showed strong
suppression, in a pattern that indicated that the functionally important charged
residues of FliG interact with those of MotA (Zhou et al., 1998). One model
proposes that when the rotor and stator are appropriately aligned, interactions
between the rotor-stator interface induce a conformational change in the stator
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that allows a proton to enter from the periplasm and bind Asp32 of MotB (Braun
et al., 1999). The timing of this gating step may be controlled by charged
residues in the rotor-stator interface of MotA and FliG (Zhuo et al., 1998).
Electron microscopic studies show that FliG molecules in the flagellum form a
ring with an outer diameter of 300 A (Francis et al., 1994; Zhao et al., 1996; Lloyd
et al., 1999). FliG molecules in this ring are thought to be arranged with
functionally important charged residues towards the outside to allow interactions
with the MotA-MotB complexes surrounding the basal body (Lloyd et al., 1999).
An active ridge of charged residues is proposed to align along the edge of the
rotor, so that multiple charged residues of FliG can interact sequentially with the
stator as the rotor turns. Based on mutational analyses, different subsets of
charged residues may interact with the stator when the motor turns in the
clockwise and counterclockwise directions (Zhuo et al., 1998). One model
speculates that proton flow through MotA-MotB drives rotation by causing
conformational changes in the stator that cause it to physically press against the
angled surface of the rotor. Thus, the topography of the interacting surfaces
between the rotor and stator may determine the direction of motor rotation (Lloyd
et al., 1999).
C. Chemoreceptors and signaling components
1. Overview of receptor domains and function
E.coli contains four homologous transmembrane proteins that monitor the
chemical composition of their surroundings (Boyd etal., 1981). The Tar and Tap
chemoreceptors are encoded within the meche operon at 42.5 min while, the Tsr
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and Trg chemoreceptor genes are located at 98.9 and 32.1 min (Blattner et al.,
1997; Berlyn et al., 1998). The cytoplasmic chemotaxis proteins relay information
from the receptor to the flagellar motor to switch the swimming pattern of the cell.
Six cytoplasmic signal transduction proteins, encoded by the Che genes, are
organized in the adjacent operons, mocha and meche (Fig. 1.3). Their functions
are listed in Table 1.
The ligands and chemical stimuli sensed by the chemoreceptors and the
overall signaling pathway is summarized in (Fig. 1.4). Tsr detects the attractant
serine, and the repellents leucine, acetate and pH (Mesibov and Adler, 1972;
Silverman and Simon, 1977b; Springer et al., 1977; Repaske and Adler, 1981).
Tar senses the attractants aspartate and maltose and several divalent metal
cation repellents such as nickel (Ni+2) and cobalt (Co+2) (Silverman and Simon,
1977; Springer et al., 1977). Trg detects the attractants ribose and galactose
(Kondoh et al., 1979). Tap detects dipeptides and tripeptides (Manson et al.,
1986). Tsr, Tar and Trg are also known as “warm sensors”, which mediate
attractant and repellent responses upon increases and decreases in
temperature, respectively (Maeda and Imae, 1979; Mizuno and Imae, 1984; Nara
et al., 1991). In contrast, Tap is a “cold sensor”, which has an opposite signaling
polarity (Nara et al., 1991).
All four receptors are approximately 550 amino acid residues long, which
corresponds to a predicted molecular weight (Mr) of 57,000 and an apparent
molecular weight of 60 kilodaltons (kDa) on SDS-PAGE (Boyd and Simon, 1980).
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Fig. 1.3. Genomic organization of the mocha and meche operons encoding the chemotaxis genes in
E.coli. Tsr and Trg are encoded at 98.9 and 32.1 min, respectively. Adapted from Stock and Surette,
1996.

Table 1.1. Chemotaxis proteins in E.coli and their biochemical activities.
Protein

Biochemical Activity

Modifications

Ligand binding; regulates

Gin residues deamidated,
Glu methylated

(Mr in kDa)
Chemoreceptor (55-60)

CheA activity
CheA (73)

Histidine kinase

CheW (18)

Docks CheA to receptor

CheY (14)

Binds flagellar motor to
regulate swimming

CheZ (24)

Stimulates CheY-P
dephosphorylation

CheR (32)

Methylates receptor

CheB (36)

Demethylates/deamidates Phosphorylated at Asp56
by CheA
receptors
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Autophosphorylated at
His48
Phosphorylated at Asp57
by CheA

ro

Fig. 1.4. Signaling pathways in E.co//chemotaxis. A, CheA;
CM, cytoplasmic membrane; P, phosphate; RBP, ribose
binding protein; W, CheW. Adapted from Taylor et al., 1999.

• Ribose

Periplasm

Control of Flagellar Motor

The chemoreceptors are dimeric in the presence and absence of ligand
(Silverman and Simon, 1977b; Springer et al., 1977; Milligan and Koshland,
1988). Each chemoreceptor has a short N-terminal extension within the
cytoplasm connected via a transmembrane sequence (TM1, a1) to a “quasi 4helix bundle” which forms the periplasmic ligand binding (sensing) domain (Yeh
et al., 1993; Yeh et al., 1996). E.coli senses the concentration of attractants in
the periplasm by binding specific stimulatory ligands to the chemoreceptor
periplasmic sensing domain. There is only 5 to 35% amino acid sequence
conservation in the periplasmic domain and this variability reflects the large
repertoire of ligand binding specificities (Krikos et al., 1983). In contrast, there is
60 to 90% sequence conservation between receptor cytoplasmic domains
(Krikos et al., 1983). The high degree of similarity between the signaling
domains of different chemoreceptors is consistent with the use of common
downstream components to modulate chemotactic responses.
The cytoplasmic domain follows the second transmembrane sequence (TM2
a4) and consists of a linker region (a5 helix in crystal structure), a methylation
region (methylation helix 1 or MH1, a6 and MH2, cc9), a highly conserved
signaling domain (HCD or a7, U-turn and a8) and a variable C-terminal tail (Fig.
1.5.). These form a four-helix bundle (Kim et al., 1999). All structural
designations are based on the x-ray crystal structure of the Tsr cytoplasmic
domain (Kim et al., 1999). Tsr and Tar contain a Asn-Trp-Glu-Thr-Phe (NWETF,
one letter code) pentapeptide sequence at their extreme carboxyl terminus which
provides a docking site for the CheR methyltransferase and CheB
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Fig. 1.5. Mode! of an intact Tsr receptor dimer.
The length of each domain is indicated on the
right. Functional domains are labeled on the left.
Methylation sites are shown as filled circles.
Nomenclature and figure adapted from Kim et al.,
1999.
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methylesterase (Wu et al., 1996; Barnakov et al., 1999). The activity of all four
bacterial chemoreceptors is regulated by methyl esterification at a conserved set
of glutamate residues in the methylation helices (oc6 and a9).
2. Signaling circuit
The bacterial chemoreceptors and signaling components belong to the two
component signaling system family (Krikos et al., 1983; Alex and Simon, 1994).
Different receptor domains will be examined in detail in sections 4.5 and 4.6 and
4.8. Two component signaling systems consist of a sensor kinase and a
response regulator and are distributed in Bacteria, Archaea and eukaryotes
(Parkinson and Kofoid, 1992; Swanson et al., 1994). These circuits play a central
role in information processing and regulate a variety of cellular responses
including chemotaxis, osmoregulation, photosensitivity, sporulation and bacterial
pathogenesis (for a review see Parkinson and Kofoid, 1992; Appleby et al.,
1996).
Sensor kinases and response regulators contain characteristic motifs or
communication modules that are termed transmitters and receivers (Parkinson
and Kofoid, 1992). These communication modules promote signaling within and
between proteins. They can function in combination with a variety of input and
output domains and can be arranged in different configurations to build a network
of signaling circuits. In the simplest circuit, the sensor kinase contains an Nterminal input module coupled to a C-terminus transmitter module and, the
response regulator contains an N-terminal receiver module coupled to one or
more C-terminal output modules (Fig 1.6.). Cross-communication between
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Fig. 1.6. Two-component signaling circuit. In a “typical”
circuit (A), information flows from the input domain of the
sensor kinase to the output domain of the response
regulator by a His-Asp phosphorelay. In the “atypical”
bacterial chemotaxis circuit (B), a chemoreceptor binds a
ligand and controls the rate of CheA autophosphorylation
which in turn modulates CheY and CheB phosphorylation.
Phospho-CheY controls the flagellar motor, and phosphoCheB regulates sensory adaptation by modifying the
receptor methylation state. D, aspartate, H, histidine,
P, phosphate. Adapted from Parkinson, 1993.
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systems within an organism appears to be a rare event and implies that the
receivers are precisely matched to their transmitters (Parkinson, 1993; Perraud
et al., 1999).
In a standard two component system, a sensor kinase monitors an
environmental parameter and relays this signal via phosphorylation to a response
regulator that mediates an adaptive response such as, gene expression
(Parkinson and Kofoid, 1992). Phosphotransfer proceeds from a highly
conserved histidine in the H-box of the sensor kinase to a highly conserved
aspartic acid in the receiver domain of the response regulator; this process is
termed the His-Asp phosphorelay. In “unorthodox” signaling circuits, a multistep
phosphorelay that alternates between several histidine and aspartate residues
(His-Asp-His-Asp) with additional receiver and Hpt domains is employed
(Appleby et al., 1996). Multistep phosphorelays can integrate diverse signals
prior to the final target and provide additional control of the signaling circuit. In
addition, multistep phosphorelays are correlated with organism complexity
(Perego et al., 1994; Perraud et al., 1999).
Histidine kinases are classified into two groups based on the position of the
H-box relative to the ATP-binding domain in the sequence (Bilwes et al., 1999).
The CheA sensor kinase belongs to the group in which the phosphorylated
histidine is located in the N-terminal P1 domain, distant from the ATP binding
domain.
Response regulators are mostly cytoplasmic and their output and receiver
domains are joined by a flexible linker (Wootton and Drummond, 1989).
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Phosphorylation alters protein conformation and perturbs the interdomain contact
between output and receiver modules in order to enhance or inhibit activity
(Djordjevich et al., 1998). Output domains can regulate functions, such as
transcription or swimming behavior.
The overall arrangement of the chemotaxis signaling circuit consists of an
atypical two component system. In the bacterial chemotaxis circuit, a membrane
bound receptor binds a ligand and signals to a cytoplasmic sensor kinase (CheA)
which transmits the signal to a response regulator (CheY or CheB) (Parkinson
and Kofoid, 1992) (Fig. 1.6.). Sensor kinases are typically membrane-spanning
with a periplasmic input domain. However, the CheA sensor kinase is
cytoplasmic and associates with the membrane-bound receptor to receive input
signals. CheY contains only a receiver domain and when phosphorylated, binds
a switch protein in the flagellar motor to generate CW motion. CheB contains a
catalytic effector domain in addition to a receiver domain. When CheA
phosphorylates the CheB receiver domain, the catalytic domain of CheB is
activated. Activated CheB demethylates the receptor and adjusts its signaling
state (Lupas and Stock, 1989).
3. Signaling cascade
The bacterial chemoreceptors or MCPs are thought to signal in a ternary
complex with the CheA kinase, and the CheW docking protein (Borkovich et al.,
1989; Ninfa et al., 1991; Gegner et al., 1992; Schuster et al., 1993). It was
generally assumed that active ternary complexes are composed of discrete 2:2:2
receptor: CheW: CheA assemblies (Gegner and Dahlquist, 1991; Gegner et al.,
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1992). A recent study of active signaling domain complexes indicates a higher
order assembly composed of 14 receptor domains and 3 CheW per CheA dimer
(Liu et al., 1997). The mechanism of signaling within these complexes is
examined in detail in section C.8.3.
Repellent binding in the receptor’s sensing domain activates the CheA kinase
and increases rates of CheA autophosphorylation at histidine 48 (Hess et al.,
1988a,b). Control of CheA phosphorylation occurs through conformational
changes in the ternary complex rather than changes in the association state of
CheA (Gegner et al.,1992). The phosphoryl group is then rapidly transferred to
an aspartate residue (Asp57) on a response regulator protein, CheY (Hess et al.,
1988b; Sanders et al., 1989). Phosphorylated CheY (CheY-P) undergoes
conformational changes that release it from CheA (Schuster et al., 1993).
Soluble CheY-P diffuses through the cytoplasm and binds the FliM protein in the
switch assembly of the flagellar motor (Welch et al., 1993). Conversely, attractant
binding to the sensory domain of MCPs inhibits CheA kinase activity in the
ternary MCP-CheW-CheA complex, and thereby decreases the rate of CheY
phosphorylation and promotes smooth swimming behavior (Borkovich et al.,
1989 and Ninfa et al., 1991).
CheA is a 651 amino acid residue protein with three distinct domains linked
by hinges at Arg354 and Thr540 (Stock et al., 1988; Bilwes et al., 1999). Each
domain represents a different function: phosphotransfer or P1 (residues 1-151),
CheY binding or P2 (residues 151-290), dimerization (residues 290-354), kinase
activity (residues 355-540), and regulatory coupling (residues 541-671). The
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crystal structure of CheA from Thermatoga maritima revealed that the
dimerization domain forms a central four-helix bundle. The kinase and regulatory
domains pivot on conserved hinges around the dimerization domain to modulate
transphosphorylation (Bilwes et al., 1999). The CheA kinase domain is an
independently folding unit that catalyzes the His48 phosphorylation. This domain
contains conserved sequence motifs termed the N, D, F, and G boxes that bind
magnesium ATP and are found in all members of the histidine kinase superfamily
(Stock et al., 1995). Mutations in the kinase domain abolish CheA
autophosphorylation (Oosawa et al., 1988). Substitution of His48 in the P1
domain completely abolishes autophosphorylation and there is no evidence for
phosphorylation of any other residue. The first 134 amino acid residues of CheA
encode an independently folding N-terminal domain that catalyzes
phosphotransfer from the kinase domain (Morrison and Parkinson, 1994).
However, in the absence of the phosphotransfer domain CheA can still bind
CheY (Swanson et al., 1993).
CheW is a monomeric, 18 kDa soluble protein that dimerizes and aggregates
in pure preparations (Gegner and Dahlquist, 1991; Stock et al., 1987). The Cterminal portion of CheA that follows the kinase domain is thought to bind CheW.
CheW has independent binding sites for CheA and chemoreceptors and brings
these components together. When CheW is absent or present in excess, CheA is
not bound to the receptor and a smooth swimming or kinase inactive phenotype
results (Sanders et al., 1989b; Liu et al., 1997). In the absence of CheW, CheA
is unable to interact with the receptor at cellular concentrations. Thus CheW
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docks CheA to the receptor but also competes with CheA for a binding site on
the receptor. The rate of CheA autophosphorylation within the ternary complex
is100-fold greater than the rate of autophosphorylation when CheA is alone.
Neither CheW nor Tar has a significant effect on CheA autophosphorylation
however, all three proteins must be present for activation to occur (Borkovich et
al., 1989; Ninfa et al., 1991).
CheY has been purified as a 14 kDa globular monomeric protein (Matsumura
et al., 1984; Stock et al., 1989). The resolved crystal structure of CheY indicates
a doubly wound ocp protein with five a helices surrounding a five-stranded parallel
p sheet (Volz and Matsumura, 1991; Volz, 1993). CheY has significant
sequence similarity to the conserved regulatory domain of proteins in the
response regulator superfamily. The dephosphorylated form of CheY binds the
CheY binding domain (res. 151-290) of CheA and phosphorylation causes its
release (Schuster et al., 1993). CheY is phosphorylated at Asp57, which is
located in the loop between p3 and aC (Sanders et al., 1989). Mutation of Asp57
abolishes phosphorylation and chemotaxis responses (Bourret et al., 1990;
Sanders et al., 1989). In addition, this residue is completely conserved in all
members of the response regulator superfamily. CheY catalyzes phosphotransfer
from the phosphohistidine in CheA to Asp57 in CheY. Small molecule
phosphodonors such as, phosphoramidite, acetyl phosphate and carbomyl
phosphate can act in the place of CheA to phosphorylate CheY (Lukat et al.,
1992). CheY has a low affinity for these donors, and phosphotransfer rates are
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limited by the rate of donor binding not the rate of phosphotransfer (McCleary
and Stock, 1994).
Phosphorylation induces a change in CheY structure that allows it to leave
CheA and bind the FliM protein in flagellar switch complex (Welch et al., 1993).
This conformational change also regulates interactions with CheZ (Schuster et
al., 1993; Blat and Eisenbach, 1994). CheZ is a 24 kDa globular protein that
functions in vivo to control the level of CheY phosphorylation by regulating the
rate of dephosphorylation (Stock and Stock, 1987). CheY-P binds CheZ and
upon dephosphorylation departs from CheZ. Although CheY-P can rapidly lose
its phosphoryl group (half-life of 15 s) by an intrinsic autophosphatase activity,
the dephosphorylation rate is dramatically enhanced by the CheZ protein (Hess
et al., 1988; Silversmith and Bourret, 1999; Eisenbach and Caplan, 1998). CheZ
may cause a conformational change in CheY-P that stimulates autophosphatase
activity without directly participating in the phosphoaspartate hydrolysis reaction.
4. Adaptation
The ability of bacteria to sense changes in repellent and attractant
concentrations rather than their absolute levels depend on adaptation. Cells
adapt to attractants or repellents when the CheR methyltransferase methylates,
or the CheB methylesterase/deamidase demethylates, specific glutamate
residues in the methylation helices (a6 and a9) of chemoreceptors (Springer and
Koshland, 1977; Stock and Koshland, 1978).
Receptor signaling due to attractant binding decreases CheA autokinase
activity and leads to smooth swimming. However, this change is transient since
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a compensatory increase in methylation resets the receptor and swimming
behavior to a null, adapted state (Block et al., 1982). Conversely, a decrease in
attractant occupancy (or increase in repellent occupancy) is balanced by
compensatory demethylation. Bacteria sense spatial gradients of attractants and
repellents by detecting concentration changes overtime. Current concentration
is measured as receptor occupancy. In the steady state, the receptor population
is constantly undergoing methylation and demethylation, yet maintains a net level
of modification that balances occupancy and generates an intermediate (null)
level of kinase activation. Thus the methylation state is the record of the most
recent receptor occupancy level.
Glutamate modification acts as a negative feedback loop that attenuates the
stimulus-induced changes in CheA kinase activity (Grebe and Stock, 1998).
Chemoreceptor signaling may be modeled as a two state system with a tumbleinducing “T-state” where CheA is active and a run-inducing “R-state” where CheA
is inactive (Asakura and Honda, 1984; Parkinson, 1993). Methylation stabilizes
the T-state and demethylation stabilizes the R-state, while attractants stabilize
the R-state and repellents stabilize the T-state. Receptors locked in either
signaling state cause aberrant flagellar rotation and loss of chemotaxis
suggesting that both the CW and CCW states are active processes (Ames and
Parkinson, 1988).
The CheR methyltransferase is a 30 kDa protein (Springer and Koshland,
1977). There is no evidence that CheR is regulated by covalent modification or
by an allosteric mechanism (Djordjevic and Stock, 1998a). CheR is the least
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abundant chemotaxis protein with only 200 copies per cell (Simms et al., 1987).
Kinetic studies indicate a low turn over number for CheR (6 per minute) and if
CheR were operating at maximal levels in the cell, there would be approximately
20 methylation events per second (Stock and Surette, 1996). Steady state rates
of methylation and demethylation approach the maximal rates possible for CheR
and indicate that the methyltransferase may be saturated by chemoreceptor
substrates. This may explain why steady-state methylation rates are nearly
constant and independent of receptor methylation levels (Kehry et al., 1984;
Toews et al., 1979).
The methylesterase CheB is a 37 kDa protein composed of two distinct
domains separated by a well-ordered linker (Simms et al., 1985; Stock et al.,
1978,1985; Djordjevic et al., 1998). The N-terminus contains a regulatory
domain that is similar to the phosphoaccepting domains of the response
regulator superfamily, including CheY (Djordjevic and Stock, 1998b; Jurica and
Stoddard, 1998). CheB and CheY are proposed to contact similar surfaces on
CheA to compete for phosphotransfer however, they use different surfaces for
this interaction. CheA-dependent phosphorylation of the CheB regulatory domain
causes a 10-fold increase in esterase activity (Hess et al., 1988b; Lupas and
Stock, 1989; Stewart et al., 1990). The C-terminus of CheB contains a catalytic
domain that catalyzes demethylation and deamidation of glutamine residues.
CheB must deamidate glutamine residues to glutamates in order for CheR to
methylate these residues. In the unphosphorylated state, the N-terminal of CheB
packs against the active site of the C-terminal catalytic domain to block
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chemoreceptors from entry into the methylesterase site (Djordjevic et al., 1998).
Phosphorylation of the CheB amino terminal regulatory domain is proposed to
induce a conformational change that perturbs the interdomain interface.
Disruption of this interface results in a repositioning of domains and exposes the
active site in the catalytic domain hence, removing the inhibitory effect of the
regulatory domain (Goudreau and Stock, 1998).
Tsr and Tar (high abundance receptors) contain a Asn-Trp-Glu-Thr-Phe
(NWETF) pentapeptide sequence at their extreme carboxyl terminus which
provides a docking site for CheR and CheB (Wu et al., 1996; Barnakov et al.,
1999). Low abundance receptors do not contain the NWETF binding site and
exhibit low tumble frequencies and 100-fold lower activation of CheA (Barnakov
et al., 1998). Complexes of chemoreceptors, CheA and CheW are found at cell
poles and may enable methylation of low abundance receptors by an interdimer
mechanism (Maddock and Shappiro, 1993; Le Moual et al., 1997). Fusing the
NWETF peptide to Trg enhanced methylation and shifted the bias from CW to
random (Feng et al., 1999).
5. Sensory domain
Attractant or some repellent ligands bind directly to the chemoreceptor’s
periplasmic sensing domain. In some cases, periplasmic binding proteins bind
ligand and the chemoreceptor subsequently binds the protein. In E.coli, the
maltose, ribose, galactose and dipeptide binding proteins carry ligands to Tar,
Trg and Tap, respectively (Hazelbauer and Adler, 1971; Hazelbauer, 1975;
Hazelbauer and Harayama, 1979; Manson et al., 1985,1986). In addition to their
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role in chemotaxis, these periplasmic binding proteins deliver ligands to transport
systems in the cytoplasmic membrane.
Preliminary structural data for the ligand binding / sensory domain of
che mo receptors came from site-directed cross-linking of Tar (Milligan and
Koshland, 1988; Falke et al., 1988). Site-directed sulfhydryl chemistry was an
invaluable tool for studying general protein structure and dynamics when
crystallized protein was unavailable. Cysteines (Cys) were substituted at specific
positions in the aspartate receptor (Falke et al., 1988). The reactivity of these
cysteine residues or the environmental sensitivity of reporter groups attached to
the cysteine residues was used to investigate three major facets of receptor
structure: surface structure, spatial proximities within the folded structure and
transmembrane structure. These data were compiled to generate a schematic
model for the Tar N-terminal domain.
Site-directed cysteines containing sulfhydryl side groups were used to form
disulfide bonds to link peptide chains within the same oligomer. Interchain
disulfide formation reactions between cysteine residues in identical mono
cysteine receptors (n-n’disulfide formation) were carried out using ambient
oxygen and copper phenanthroline as an oxidizing agent. After the reaction was
quenched, the membranes were resolved on SDS-PAGE to identify monomeric
and dimeric receptors. Cross-linking between identical Cys residues (3-3’, 36-36’,
106-106’, 128-128’, 183-183’ and 215-215’) established that the functional Tar
receptor exists as a homodimer in membranes (Milligan and Koshland, 1988).
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The Tar receptor’s surface was examined by measuring the rate constants for
chemical modification of six cysteines in the protein. Membranes containing
overexpressed Cys-receptors were labeled with 5-fluorescein maleimide or 5fluorescein iodoacetamide to measure the reactivity of the cysteine residues.
Since different positions exhibit a range of accessibility, the reactivity of
sulfhydryls defines whether the residue is exposed (on the surface) or buried (in
the interior of the molecule). The studies showed that Cys residues 3, 106 and
128 of Tar react most rapidly and are exposed while residues 36 and 183 which
react a 100-fold more slowly are buried and residue 215 which has intermediate
reactivity is partly buried (Falke et al., 1988). The rates for quenching the
fluorescence of reporter groups attached to the mutant sulfhydryls also
corroborated this evidence. The denatured Cys36 receptor exhibited the
maximum reactivity typical of an exposed residue. These results confirmed the
hypothesis that reaction rates of different cysteines are controlled primarily by
their surface exposure.
The spatial proximity between specific pairs of cysteines in the folded
structure was studied by measuring the rate of intramolecular disulfide bond
formation. The range of this technique is on the order of <7 A, the maximum
distance between a-carbons linked by a cysteine disulfide bond (Katz and
Kossiakoff, 1986). Residues separated by more that 7 A require movement of
the protein backbone for disulfide formation. Proximity between the cysteine
pair, accessibility to the oxidizing reagent, inherent reactivity of each sulfhydryl in
the pair and the frequency of structural fluctuations which cause collisions
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between the sulfhydryl pair define the rate of disulfide formation. Cysteines in
favorable proximity are identified when they form a disulfide bond without
distorting the overall protein structure and maintain protein activity. Distant
cysteines or improperly oriented cysteines form disulfide bonds more slowly or
yield an inactive protein (Falke et al., 1988). An intrachain disulfide bond
between Cys36 and 183 formed rapidly, suggesting that these residues are close
to each other in the three-dimensional structure. The disulfide bond slightly
impaired the swarm rate of the mutant and suggested that the cross-link had
adverse effects on protein function.
Interchain disulfide bonds between residues 3 and 36 on one monomer
formed readily with their counterparts on the other monomer (i.e. 3 and 3’; 36 and
36’) and yielded a functional cross-linked protein. The results suggested that the
transmembrane segment between residues 3 and 36 lies near the central axis of
the receptor, where it is in close proximity to the identical segment in the adjacent
monomer. The 106-106’, 183-183’ and 215-215’ cross-links formed more slowly
and the cross-linked product was inactive. These results suggested that bonds
between these residues trapped the receptor in a non-native structure.
The x-ray crystal structures of the dimeric ligand-binding domain of the
Salmonella typhimurium Tar receptor (in apo and aspartate-bound forms)
supported the model generated from cross-linking and helped clarify the
structure-function of chemoreceptors (Milburn et al., 1991; Scott et al., 1993; Yeh
et al., 1996). The periplasmic domain of Tar is a 36 kDa dimer with each
monomer subunit containing four a-helix bundles. The dimer consists of eight
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helices, four helices from each subunit, with contact regions localized around the
aspartate binding site (Fig. 1.7). Two aspartate binding sites are formed at the
interface of the dimer approximately 60 A from the presumed plane of the
membrane. Residues from both monomer subunits contribute to the binding site:
Arg69 and Arg73 from one subunit and Arg64, Tyr149, Gln152 and Thr154 from
the other subunit (Yeh et al., 1993).
The purified Tar protein of Salmonella typhimurium exhibits negative
cooperativity in aspartate binding; the dissociation constant (K^s) for binding of
the first and second aspartate per dimer of Tar is 0.10 and 2.0 pm, respectively.
Only one aspartate per dimer (with a Kd of 1.0 pm) was detected in the Tar
receptor of E.coli (Biemann and Koshland, 1994). Although the two aspartate
binding sites do not overlap, crystallographic studies revealed that only one
aspartate binds per dimer of Tar crystals under physiological concentrations of
aspartate (Milburn et al., 1991; Yeh et al., 1993). The lack of full aspartate
occupancy in Tar indicates that although there are two identical binding sites in
the apo dimer, the sites are asymmetrical once one is occupied. Since steric
exclusion of the second site by aspartate binding at the first site does not occur,
the results suggested that aspartate binding at one site induces a conformational
change in the receptor dimer which triggers downstream events in the signal
transduction cascade (Yeh et al., 1996). Although the receptor can bind another
aspartate when the ligand is present in large excess, further conformational
changes were not observed.
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Fig. 1.7. Crystal structure of the ligand binding domain of Tar.
Two symmetrical ligand binding pockets are found at the
interface of the two monomers. Each monomer is a four helix
bundle, and the first and last helices are predicted to be
contiguous with the transmembrane regions. The structure is
oriented such that the membrane is at the bottom. PDB id
code: IVLT
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The Tar receptor has high ligand-binding specificity, but it also binds other
related small dicarboxylic acids such as glutamate (Clarke and Koshland, 1979;
Hedblom and Adler, 1983). The residues that bind aspartate and associated
water molecules are conserved between the E.coli and S.typhimurium Tar
receptors. Two aromatic residues (phenylalanine 150 and tyrosine 149) are
critical for defining the shape of the pocket, which in turn determines the steric fit
of the ligand (Yeh et al., 1996).
The E.coli Tar receptor also binds the liganded conformation of the maltose
binding protein (Kossman et al., 1988). E.coli far mutants selected for loss of
responsiveness to aspartate but not maltose have missense mutations within a
set of arginine (Arg) codons (Arg64, Arg69 and Arg73) that are directly involved
in aspartate binding, as confirmed in crystal structure analysis (Wolff and
Parkinson, 1988; Mowbray and Koshland, 1990). Conversely, far mutants that
are responsive to aspartate but not maltose have missense mutations in loop
residues between ot1 and a2 and between a3 and a4 on the external surface of
the Tar protein (Gardina et al.,1992; Scott et al., 1993). These interaction sites
are consistent with simulated docking computations based on the X-ray crystal
structures of Tar and maltose binding protein (Stoddard and Koshland, 1992
1993). The two symmetrically opposed sites within the Tar dimer where the
maltose binding protein could interact are mutually exclusive because of steric
overlap. These findings help explain why the Tar-mediated maltose and
aspartate responses are independent and additive (Mowbray and Koshland,
1987).

44

The Tsr sensory domain has been modeled from the Tar crystal structure and
the predicted serine binding pocket has been identified by mutational studies
(Hedblom and Adler, 1980; Lee et al., 1988; Jeffrey and Koshland, 1993). The
E.coli Tsr receptor also binds one serine per dimer with a Kd that ranges from 5
to 29 pM (Clarke and Koshland, 1979; Lin et al., 1994).
6. Transmembrane region
The location and vectorial orientation of transmembrane segments was
analyzed by identifying residues that lie external to the membrane and those that
lie in the internal aqueous compartment by using a membrane-impermeant
sulfhydryl modification reagent, N-6-phosphonyl-n-hexyl-maleimide (PHM). In
the intact membrane system, residues outside the membrane will react readily
with an externally added membrane-impermeant reagent. In leaky membranes,
residues on both surfaces will react. The N-terminus of Tar contains two
transmembrane segments (TM1= res.3-36 and TM2= res. 183-215) and are
oriented such that residues 3 and 215 are in the cytoplasmic compartment while
residues between 36 and 183 are in the external compartment (Falke et al.,
(1988).
The relative positioning and interaction between the four membrane-spanning
stretches of the Tar dimer in E.co//were probed by measuring the rate of
disulfide cross-link formation between 48 Cys substitutions in this region (Pakula
and Simon, 1992). Within the bilayer, the four membrane-spanning helices of the
dimer form a compact 12 kDa transmembrane domain. The two N-terminal or
first transmembrane helices (a1 / TM1 and ccT / TMT) lie in contact near the
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central C2 axis of the dimer, where they stabilize the subunit interface through
extensive coiled-coil interactions in both the periplasmic and membranespanning domains (Chervitz et al., 1995a; Scott et al., 1993). The second
transmembrane helices (a4 / TM2 and a4’ / TM2’) couple the periplasmic domain
to the 72 kDa cytoplasmic domain, which forms a stable ternary complex with the
CheA histidine kinase and the CheW docking protein (Schuster et al., 1993;
Gegner et al., 1992).
Several Phe substitutions were introduced between residues 199-208 within
TM2 of the E.co//Tar receptor however, only a lle204Phe substitution caused a
significant loss of function (Jeffry and Koshland, 1994). Other bulky hydrophobic
residues substituted at this position (leucine, tyrosine and tryptophan) had a
similar effect, while small residues (alanine and valine) did not. These results
indicated that Ile204 lies on the interface of TM2 and that other residues in TM2
are insensitive to mutations.
7. The transmembrane signaling mechanism: alternative models
Ligand binding in the periplasmic domain is thought to induce a
conformational change that is carried by the transmembrane helices to the
cytoplasmic signaling domain. The mode by which the transmembrane region
signals to the cytoplasmic domain is not known. Several models have been
proposed to answer this question (Fig. 1.8). Extensive X-ray crystallographic,
solution 19F NMR (19fluorine nuclear magnetic resonance), electron paramagnetic
spectroscopy and engineered disulfide studies have probed the aspartateinduced structural changes within the periplasmic and transmembrane regions of

46

-£>•
"vl

Fig. 1.8. Alternative models for transmembrane
signaling. Conformation in the absence of ligand (A),
and upon ligand binding (B) is shown. The lines
represent receptor transmembrane helices and the
letters represent amino acid side chains. These
motions could occur between helices in separate
subunits, or between two helices within one subunit.
Adapted from Ottemann et al., 1999.
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the receptor. Overall the studies favor the “piston” model in which the a4/TM2
helix slides down 1 A downward relative to the other helices (Chervitz and Falke,
1996; Ottemann et al., 1999). However, there is some controversy as to whether
this transmembrane piston motion is extended into the cytoplasmic domain and
the precise mechanism of signal transduction is hotly debated. Several models
for chemoreceptor signaling are discussed in the following sections.
7.1. Piston model
Disulfide crosslinks between TM1 and TM1’ did not abolish CheA kinase
regulation and suggested that the transmembrane signal does not require a
concerted rearrangement of the subunit interface or oligomerization (Chervitz
and Falke, 1995a,b). Tar receptor dimers with only one functional signaling
domain can signal, thus suggesting that TM signaling movements within one
subunit are sufficient (Gardina and Manson, 1996; Tatsuno et al., 1996).
Aspartate binding moves a4/TM2 1 A with respect to each helix in the other
subunit and 1 A relative to helix a1/TM1 of the same subunit (Chervitz and Falke,
1996). The remaining three membrane-spanning helices remain relatively
stationary upon aspartate binding. Distance-difference matrices measured a 1.6
+ 0.2 A downward shift of the a4/TM2 helix toward the cytoplasm and a 5° tilt of
the helix axis. This two-component helix motion was termed “swinging-piston”
and it is postulated to make the attached cytoplasmic domain to execute both a
pendulum-like swinging motion approximately parallel to the plane of the
membrane and a piston-like plunging movement normal to the plane of the

49

membrane (Chervitz and Falke, 1996). These movements are thought to alter
the structure or dynamics of the signaling domain (which is 100 A down into the
cytoplasm), which in turn modulates the activity of the associated CheA histidine
kinase. Some discount the distance-difference approach because (a) it cannot
accurately measure small displacements, (b) there is an inherently large
standard error (2 A) with this technique and (c) the piston motion is not
necessarily executed by the signaling domain (Kim et al., 1999).
Engineered disulfides that covalently link the a1/TM1 and a4/TM2 helices
within each monomer in the “lock-on” (kinase-activating) or “lock-off’ (kinase
inactivating) signaling state also support the piston model. Lock-on disulfides
were predicted to trigger a downward piston motion of a4/TM2 relative to a1/TM1
while, lock-off disulfides were predicted to cause an upward displacement of
oc4/TM2. Structure modeling and 19F NMR studies were used to study the helix
displacements trapped by these disulfides. The modeled structures of the
a1/TM1 and a4/TM2 helices suggested that these disulfides generated pistontype movements of the signaling helix. However, the specific assumptions and
potential errors in the modeling analysis prevented estimation of angular helix
displacements. 19F NMR, used to monitor the chemical shifts of fluorine probes
incorporated into intrinsic phenylalanine rings of the isolated ligand binding
domain, detected aspartate-induced displacements of the a4/TM2 helix while, the
a1/TM1 remained stationary (Danielson et al., 1994). Furthermore, intersubunit
salt bridges do not perturb receptor function and suggest that transmembrane
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signal propagation by TM2 does not involve large displacements or movement of
TM1 and TM1’ (Umemura et al., 1998).
Using spin-labeling electron paramagnetic resonance (ERR) spectroscopy
and a spectroscopic ruler, a study quantitatively assessed movements in the
transmembrane helix of the Tar chemoreceptor. Receptors were spin-labeled
with methanethiosulfonate at strategic residues (10, 39, 179, 207, 210 and 215)
to differentiate between proposed transmembrane movements (Ottemann et al.,
1999). Different movements may be described in terms of residue “a” in subunit
A and residues “b” and “c” in subunit B. If an association-dissociation mechanism
took place or a scissors motion, then residues on different subunits or monomers
would move closer to each other. A piston motion would move c downward and
away while b would take its place and interact with a on the other monomer. A
rotation (counterclockwise from the axis of symmetry) of one monomer would
move c closer to a and b away from a. A see-saw motion would move both b
and c away from a (Fig 1.8).
ERR spectra were obtained on reconstituted full-length receptors in
membranes. The spin-labeled receptors retained function as assessed by an invitro phosphorylation assay. Inter- and intra-subunit distance changes between
the spin labels upon aspartate addition were measured. The spectral changes
were most consistent with a downward piston motion of TM2 relative to TM1.
The magnitude of the spin distance change was calculated as 1 A. This value
reflects the distance between nitroxide groups at the end of a 5 A side chain
(from the a-carbon). Given the multiple conformations a side chain can assume,
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the actual net movement of the a-helix backbone could be as large as 2.5 A
(Ottemann et al., 1999). The calculated 1 A movement matches well with the
earlier distance difference analysis and suggests that there are no large
conformational changes as the signal travels from the periplasmic domain to the
transmembrane. The presence of CheA and CheW did not alter aspartate
induced conformational changes in the spin labeled residues. This suggested
that the ternary complex of Tar-CheA-CheW executed the same piston-like
motions.
The transmembrane a-helices are rigid structures, resistant to compression or
extension. Thus a small 1 A-piston motion in the transmembrane may be
delivered 100 A away to the cytoplasmic signaling domain of Tar and generate a
1 A movement in the signaling domain. Perhaps, the small change in the
signaling domain produces large responses to stimuli due the ability of sensitive
receptor-coupled enzymes such as, CheA kinase, CheB and CheR, to detect
small changes in receptor conformation in the absence of other amplification in
the signaling domain (Ottemann et al., 1999). At this stage, rotation between
helices in the cytoplasmic domain cannot be ruled out but the data suggest that it
is not necessary for signal transduction. Instead the study by Ottemann et al.,
(1999) posits that the piston motion may push a portion of the cytoplasmic
domain away from the membrane and decrease allosteric interaction between
the receptor and membrane. This allosteric interaction is proposed to trigger the
kinase and methylation cascades.
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In summary, the piston model is supported by extensive, independent
evidence from the isolated ligand binding domain and the full-length membranebound receptor. However, the mechanism by which these subtle changes in the
ligand-binding domain lead to dramatic changes in CheA kinase activity inside
the cell remains elusive.
7.2. Rotation model
The periplasmic domain in the apo form is a symmetrical dimer with a 2-fold
axis in which both binding sites are identical and the two subunits are equivalent.
Since the ligand-binding pocket is at the dimer interface, the aspartate molecule
binds both monomers simultaneously, and in effect links them together.
Aspartate binding closes the pocket slightly, brings the upper regions of the two
monomers closer and increases subunit contacts between the monomers relative
to the apo form. Aspartate binding also induces asymmetry within the dimer and
causes a 4° rigid-body rotation between monomers of the dimer in the crosslinked and uncross-linked receptor (Yeh et al., 1996). In addition to the
intersubunit rotation, there are small differences within the monomer subunits at
the N- and C- terminal regions. These movements suggested that both intraand inter- molecular rotational changes are part of the signaling mechanism (Yeh
et al., 1993; Chervitz and Falke, 1996).
According to the rotation model changes in the relative orientation between
signaling domain monomers leads to changes in CheA kinase activity. This
model is based on the observation that the methylation regions in the
cytoplasmic domain exist as an anti-parallel coiled-coil attached to the signaling
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domain (Cochran and Kim, 1996; Surette and Stock, 1996). Glutamate residues
in the methylation helices are spaced in a heptad repeat so that they align along
the solvent-exposed surface of the predicted coiled-coil domain. The
segregation of the methylation sites to discrete helical faces suggested that
modulating the exposure of the two faces by rotating one methylation helix
relative to another in the receptor dimer can alter CheA kinase activity.
Furthermore, in contrast to typical coiled coils, four adjacent heptad positions of
the Tar are uncharged suggesting that the relative orientation of the two
monomers may not be fixed.
Two studies explored the importance of the relative orientation between
monomers for proper signaling. The Tar cytoplasmic domain was fused to the
coiled-coil peptide dimerization domain of the GCN4 transcriptional activator
(leucine zipper) and held in parallel as in the intact receptor at a desired
orientation (Cochran and Kim, 1996; Surette and Stock, 1996). The leucine
zipper motif provided a dimerization domain and also replaced the receptor
sequence which relays transmembrane conformational signals to the cytoplasm
(Collins et al., 1992; Baumgartner et al., 1994; Jin and Inouye, 1994). The fusion
proteins were able to dimerize and activate the CheA kinase in vitro (Cochran
and Kim, 1996). Fusion points were chosen in order to place the GCN4 peptide
in register with each of the three potential receptor dimer interfaces. In one
peptide, the four uncharged heptad positions of the Tar helix were centered
about the GCN4 dimer interface. In other fusions these Tar residues were
shifted to either side of the peptide defined dimer interface. Sensitivity to ligand
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is determined by the methylation state of the intact receptor so three dimers were
prepared with the wild type methylation state (QEQE), the deamidated form
(EEEE) and the all Q form.
The study showed that the receptor dimer is sensitive to distortion of the
dimer interface as measured by differences in CheA activation by the QEQE form
held in different orientations. These differences were correlated with the rotation
of the dimer interface. All three of the EEEE dimers were inactive while the
QQQQ dimers activated CheA. The results showed that (a) the membrane was
not essential for CheA kinase activation, (b) dimerization is not sufficient for
kinase activation and (c) the relative orientation of monomers is important
(Cochran and Kim, 1996). Varying the interdomain linkage between the
cytoplasmic domain and the leucine zipper were thought to induce distortions
which mimicked conformational differences in the native intact Tar dimer. Stock
and Surette used a flexible linker region between the leucine zipper and the
signaling domain and did not observe changes in receptor function due to
adjustments of the leucine zipper fusion. Although, the flexible linker may permit
similar rotational movements that juxtapose residues of the signaling domain
within the receptor dimer. The observed pattern of CheA activation led the
authors to propose that either rotation or supercoiling of roughly parallel helices
about a two-fold axis or a small pivot between monomer units was the major
signaling mechanism. The authors also argued that piston motion of monomers
perpendicular to the membrane or conformational changes solely in one
monomer subunit were less tenable (Cochran and Kim, 1996).
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The crystal structure of the Tsr cytoplasmic domain revealed a four-helix
bundle with a predominantly hydrophobic core (Kim et al., 1999). All four glutamyl
residues are found at the surface of the four-helix bundle where they can form
hydrogen bonds with residues in the other monomer. The capacity for extensive
hydrogen bonding and electrostatic interactions within the four-helix bundle
suggests that different signaling states may alter interactions within this domain.
Changes in superhelicity or dynamic flexibility due to greater hydrogen bonding
between monomers in the all-Q form or greater hydrophobic interactions between
methyl groups in a fully methylated receptor may lead to a “frozen”
conformational state in which the receptor has high kinase activity (Kim et al.,
1999). The rotational model is not supported by electron paramagnetic
resonance spectroscopy that measured changes in distance between selectively
labeled residues in the receptor’s transmembrane helices, in the absence and
presence of aspartate (Ottemann et al., 1999). However, proponents of the
rotation model argue that (a) it is not known how movements in the
transmembrane helices affect the cytoplasmic domain and (b) it is feasable that
piston-like movements of the transmembrane helices could lead to torsional
changes in the cytoplasmic domain (Kim et al., 1999).
8. Cytoplasmic domain
The cytoplasmic domain is generally divided into linker (res.215-258),
methylation (res.264-333 and res. 437-551) and signaling regions (res.348-427)
(residues numbered according to Tsr) (Kim et al., 1999) (Fig. 1.5). The majority
of Tsr’s cytoplasmic domain structure has been determined through disulfide
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scanning and x-ray crystallography (Bass et al., 1999; Kim et al., 1999). The
crystallography studies reveal that the cytoplasmic domain is dimeric with partial
two-fold symmetry along most of the dimer length. Each monomer is composed
of two 200 A long antiparallel coiled a-helices connected by a short ‘U-turn’.
Hence, the dimer is a long four-helix supercoiled helical bundle in which the four
a-helices pack against each other with hydrophobic residues facing the bundle
interior.
8.1. Linker region
The linker region or a5 helix follows the a4 transmembrane helix into the
cytoplasm; it connects the signal-sensing and signal-transducing input functions
of the periplasmic and transmembrane regions to the autokinase and phosphoryl
transfer output functions of cytoplasmic signaling domain (Williams and Stewart,
1999). The a6 helix or methylation region follows a5 and they are tightly
associated with the symmetric a5’ and a6’ helices from the other subunit of the
receptor dimer (Trammell and Falke, 1999). Two segments of the linker region
were modeled as amphipathic a-helices. In bacterial chemoreceptors, these
amphipathic helices are found in the a4 and a5 helices and are designated as
ASI (ampipathic sequence I) and ASH, respectively (Butler and Falke, 1998;
Williams and Stewart, 1999). Sequence comparisons and mutational analyses of
the linker region suggested that some bacterial sensors have a P-type linker
region (periplasmic signal transducing) (Collins et al., 1992; LeMoual and
Koshland, 1996). The P-type linker region also acts as a topological determinant
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for membrane insertion and ensures proper TM2 orientation (Seligman and
Manoil, 1994).
Although the linker region contains amphipathic helices, the computer
modeled structure suggests that the helix is not associated with the membrane
and is contiguous with the rest of the cytoplasmic domain (Kim et al., 1999).
Previous studies showed that (i) amphipathic a-helices interact with membrane
surfaces, (ii) the extent of this interaction can be modulated, (iii) these helices
also participate in signal-induced realignments within regulatory proteins and (iv)
amphipathic helices act as sites for regulatory information (Bagchi et al., 1992;
White et al., 1997). One model posits that as a result of TM2’s signaltransducing axial movement, ASI reorients from membrane contacts to form new
protein-protein contacts with ASH. These conformational changes then dictate
the resultant output domain activities. In this model, ASH acts as receiver helix in
the signal transduction process: it receives a conformational signal from ASI and
its resultant conformation ultimately regulates downstream sensory input
(Williams and Stewart, 1999).
Mutations in the linker region of Tsr (lock off or on kinase activation) and
EnvZ impair receptor function and suggest a role in signal transduction (Ames
and Parkinson, 1988; Park and Inouye, 1997). A recent bio-informatics study
identified significant sequence similarities between linker regions in numerous
histidine kinases, adenylyl cyclases, methyl-accepting proteins and
phosphatases; this region was named the “HAMP” domain to reflect the various
proteins that possess this homologous sequence (Aravind and Ponting, 1999).
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The HAMP domain consists of a 50 residue a-helical region common to
chemoreceptors and histidine kinases and is found in different signaling contexts.
Fifteen of the thirty E.coli histidine kinases and all of the chemoreceptors,
including Aer contain a single HAMP domain. The presence of a HAMP domain
was strongly correlated with the presence of a transmembrane region in the
protein. However, HAMP domains are not restricted to membrane-bound
proteins nor do they always occur singly. Soluble histidine kinases in
Neurospora and Candida contain several HAMP tandem repeats.
Mutagenesis studies indicate that HAMP domains negatively regulate
receptor activation rather than mediate dimerization, as previously predicted for
coiled-coil domains (Ames and Parkinson, 1988; Q.Ma, unpublished data).
Aravind and Ponting (1999) postulate that the two HAMP a helices (a1 and a2)
adopt two contrasting conformational states depending upon the ligand-bound
state of the receptor. The piston motion of the transmembrane helix due to
aspartate binding may cause the HAMP domain to switch its state within receptor
dimers or oligomers and inhibit CheA autophosphorylation. Thus the HAMP
domain is neither an input or output domain but rather a sensor of conformational
changes within the receptor and an inhibitor of constitutive kinase signaling
(Aravind and Ponting, 1999). In proteins where multiple HAMP domains are
found in tandem, a serial intramolecular association of these domains may form a
superstructure that mediates interactions with target molecules.
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8.2. Methylation region
The helices MH1or a6 and MH2 or oc9 contain the glutamate and glutamine
residues that are methyl esterified by AdoMet (Fig. 1.9). Tar contains three sites
of glutamate modification in its MH1 while, Tsr and Trg contain four sites. Three
of these sites occur at every 7th residue over a 21-residue sequence (Kehry and
Dahlquist, 1982; Rice and Dahlquist, 1991). In Trg, the fourth site immediately
precedes the residue that corresponds to the second methylated glutamate
(Glu304) in Tar (Nowlin et al., 1987). In Tsr, the fourth site is the glutamate
immediately before the Gln311 methyl-accepting site. Tar and Trg contain only
one methylation site in MH2 (res.437-514). Tsr contains an additional site, nine
residues distal to the Glu493 site. The four methyl-accepting sites (Gln297,
Glu304, Gln311 and Glu493 in Tsr or QEQE) occur at conserved positions
spaced in a helical periodicity that places them on solvent-exposed faces of
amphiphilic helices (Kehry et a!., 1983; Terwilliger and Koshland, 1984; Rice and
Dahlquist, 1991; Kim et al., 1999).
The two glutamine residues (Q) are post-translationally deamidated into
glutamates (E) by the CheB methylesterase prior to methylation (Rollins and
Dahlquist, 1981; Kehry and Dahlquist, 1982). Amides at methyl-accepting sites
are considered the functional equivalent of methylesters, and deamidation has
the same functional consequences as demethylation but is not reversible
(Dunten and Koshland, 1991; Borkovich et al., 1992). Converting the glutamines
(Q) in the methylation sites to glutamates (E) either by mutagenesis or through
the action of the CheB esterase/amidase produces a receptor that suppresses
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CD

Fig. 1.9. Methylation domains (MH1 and MH2) in
E.co//chemoreceptors. Methylation sites (glutamate
(E) or glutamine (Q)) are indicated in boldface. 2’
and 3’ refer to additional methylation sites in Trg and
Tsr, respectively. 5 refers to a 5th methylation site in
Tsr. Adapted from Stock and Surette, 1996.
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tumbling in vivo and forms an inactive ternary complex in vitro. This was termed
the “E” form of the receptor. In contrast, converting the two unmodified
glutamates to glutamines by mutagenesis (all Q form), or to glutamyl
methylesters through the action of the CheR methyltransferase, produces a
receptor that promotes tumbling in vivo and forms a highly active ternary complex
in vitro (Springer et al., 1979; Ninfaetal., 1991; Borkovich etal., 1992). The wild
type receptor (QEQE form) has intermediate activities both in vivo and in vitro.
Comparative sequence analysis, computer modeling and the resolved crystal
structure indicate that the MH1 helices of the receptor dimer participate in
adaptation and kinase regulation (LeMoual and Koshland, 1996; Danielson et al.,
1997; Kim et al., 1999). A short linker between oc5 and a6 is proposed to act as
a flexible element that maintains the methylation helices in a critical relative
orientation.
Experimental evidence corroborates the coil-coil interaction model. The
methyl-accepting sites occur on the solvent exposed face of amphiphilic helices
(Kim et al., 1999). The solvent exposed face of MH1 is highly anionic and
possesses three methylation sites. The buried face of MH1 is hydrophobic and is
involved in helix-helix packing interactions at the receptor’s subunit interface that
are critical for CheA kinase activation (Danielson et al., 1997). Cysteine
substitutions in the linker between a5 and a6 (res.261-265 in Tar) completely
abolish receptor signaling or expression in vivo. Helix packing may also be finetuned by balancing the stabilizing hydrophobic forces on the subunit interface
with the destabilizing anionic charges on the exposed face. Neutralizing the
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anionic methylation sites with methyl groups could trigger minor shifts in helixhelix supercoiling at the subunit interface or, change the thermodynamic or
kinetic stability of the interface and, may stabilize coiled-coil interactions by
reducing electrostatic repulsion between the helices (Surette and Stock, 1996).
Furthermore, even the most buried positions in the methylation helices were
extremely reactive with aqueous alkylating agents. This suggests that the
structure of this domain is dynamic with characteristics of a “molten globule”
(Danielson et al., 1997). Taken together the evidence indicates that changes in
this region’s superhelicity or dynamic flexibility may control the relative orientation
of receptor monomers and provide a mechanism for signaling (Kim et al., 1999).
8.3. Signaling domain
The signaling domain (res.348-427; between MH1 and MH2) is the most
conserved sequence between different MCPs. According to the recently resolved
crystal structure by Kim et al., (1999), the signaling domain consists of two
antiparallel coiled-coil helices (a7 and a8) connected by a short loop (res.388399) (Fig. 1.5). Helix a7 (res.348-388) comprises the N-terminal half of the
signaling domain. The al fragment was shown to bind CheA and CheW and
modulate the histidine kinase activity of CheA (Ames et al., 1996). The a8 helix
(res.399-427) contains a periodicity of 3.5 residues per turn and a conserved
heptad repeat which is indicative of a helix involved in a coiled-coil or four helix
bundle interaction (LeMoual and Koshland, 1996; Bass et al., 1999).
Mutations in the signaling domain can trap the receptor in the “locked-on” or
“locked-off” state and lead to altered signaling phenotypes and kinase activity
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(Ames and Parkinson, 1988; Ames et al., 1996). “Locked on” mutants are
trapped in an active signaling and kinase state while, “locked off” mutants are
trapped in the “off’ signaling state and do not activate the CheA kinase (Ames et
al., 1988). Locked transducers are unaffected by methylation changes. CCWbiased transducer mutants exhibited high methylation levels, whereas the CWbiased mutants had low methylation levels.
Cytoplasmic fragments of Tar and Tsr from wild type and mutants with
dominant CCW or CW phenotypes have been isolated and characterized in vitro
(Ames and Parkinson, 1994; Kaplan and Simon, 1988; Long and Weis, 1992). A
31 kDa cytoplasmic fragment encoding a “locked off” signaling domain had a
greater propensity for forming dimers and higher order oligomers (than the wild
type fragment) under physiological conditions (Long and Weis, 1992). In the
crystal structure, most of these mutation sites are buried in the four helix bundle
where there may alter the conformation/superhelicity or dynamic flexibility of this
domain. Mutations found on the surface of the four-helical bundle may form a
contact site for CheA and CheW protein binding (Kim et al., 1999).
The signaling domain forms a ternary complex with CheA and CheW.
Ternary complex formation has a high activation energy barrier and the rate of
formation may be accelerated by ligand binding (Li and Weis, 2000).
Transmembrane signaling was thought to involve a piston motion of one receptor
subunit within a 2:2:2 complex of receptor: CheA: CheW to modulate CheA
activity (Chervitz and Falke, 1996). However, it is difficult to reconcile this model
with studies in which intragenic complementation and intersubunit suppression
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showed that heterodimers containing only one intact cytoplasmic signaling
domain can mediate responses to an attractant (Gardina and Manson, 1996;
Tatsuno et al., 1996). These results suggested that signaling might be mediated
by interactions between different dimers, within a single cytoplasmic domain or
both. Trans-inhibition of CheA activity by an aspartate bound heterodimer could
counter CheA activity maintained by full-length homodimers that cannot bind
aspartate. Communication between different chemoreceptor dimers in large
aggregates was postulated to propagate inactivation of multiple CheA dimers
(Gardina and Manson, 1996).
Immuno-electron microscopy revealed that chemoreceptors in E.coli are
clustered into large arrays that contain hundreds of receptor monomers, CheA
and CheW and, are localized at the cell poles (Maddock and Shappiro, 1993).
The formation of these assemblies is dependent upon ternary complex formation
or CheA and CheW and, independent of CheR or CheB (Lybarger and Maddock,
1999). Chemoreceptors along the lateral edges of the cell were also clustered
however, the cluster size was significantly smaller than its polar counterparts.
The cytoplasmic domain of Tar linked to a leucine zipper dimerization motif
(LZ-Tarc) formed an active complex with a stoichiometry of 7 signaling domain
dimers: 3 CheW: 2 CheA (Liu et al., 1997). The formation of these complexes is
completely dependent on CheA and CheW. However, high concentrations of
CheW or CheA inhibit complex formation and promote the dissociation of
preformed complexes. CheW may maintain dynamic equilibrium between
assembly and disassembly of the complex. Molecular sieve chromatography and
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light scattering indicated that the complex has a molecular weight of 1400 kDa
and hydrodynamic radius of 20 nm (Liu et al., 1997). Electron microscopy
revealed that these rod-shaped particles are 47 nm in length and 12 nm in
diameter and the overall subunit composition is 28 LZ-Tarc, 6 CheW and 4 CheA.
The electron microscopy data is consistent with a model wherein a coiled-coil
tetramer is formed by the interactions between the LZ dimerization domains of
two dimers. According to this model, in the presence of CheA and CheW, 7
receptor tetramers coalesce to form a bundle with a CheA dimer and 3 CheW
monomers. Previous studies indicated that the number of ternary complexes
reflects a steady-state between assembly and disassembly (Gegner et al., 1992;
Surette and Stock, 1996). In contrast, the LZ-Tarc complexes were stable.
Three variants of LZ-Tarc with differences at the sites of glutamyl modification
(all Q, Q/E and all E) exhibited differences in kinase activity and complex
stability. The purified wild type (Q/E) LZ-Tarc complex had a 100-fold higher
kinase activity in comparison to isolated CheA dimers (Liu et al., 1997). This
value is similar to activation observed with intact CheA-CheW-receptor
complexes in the membrane. The Q form complex had two times higher kinase
activation than wild type. The E form was essentially inactive. The large net
negative charge due to deamidation or demethylation in the E form was
proposed to destablize the overall structure. The Q/E complexes were less
stable than the Q complexes.
These studies suggest that transmembrane signaling occurs within receptor
arrays rather than isolated receptor dimers. One model predicts small structural

67

changes in one sensing domain affects the packing interaction of several
domains within a cluster. Changes in interactions between sensing domains are
transmitted through the transmembrane domain and influence an array of
signaling domain-CheA-CheW assemblies. In this model, repellents promote
“active” CheA-receptor clusters while attractant-binding will have the opposite
effect. Methylation/demethylation regulate signaling domain packing interactions
within clusters by adding or removing negative charges on glutamate residues,
thus modulating electrostatic repulsion between dimers (Levit et al., 1998).
Moreover, a signal can propagate from one receptor to neighbouring receptors in
a cluster and switch their signaling state to increase the gain of a chemotaxis
response (Bray et al., 1998). In this model, the dynamic range of sensitivity can
be fine-tuned by controlling receptor clustering and hence the degree of lateral
signal propagation.
This model for higher order interactions between receptor dimers within a
large array are supported by several indirect lines of evidence. A Trg receptor
lacking all its methylation sites or a receptor unable to bind CheR can still support
normal responses if Tar and/or Tsr are present in the cell (Hazelbauer et al.,
1989; Le Moual et al., 1997; Li et al., 1997). Lateral packing interactions between
Trg and Tsr or Tar may induce methylation. Trg and Tap responses are
abolished in the absence of Tsr or Tar (Feng et al., 1997; Weerasuriya, 1998).
Low-abundance receptors (Trg and Tap, present at one-tenth the levels of Tsr
and Tar) may laterally interact with Tsr or Tar to produce chemotaxis responses
of the same intensity and duration as the high-abundance receptors. These
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results suggest that different receptors interact within a cluster to integrate and
process signal information (Grebe and Stock, 1998).
D. Aerotaxis
1. Overview
Aerotaxis has been surveyed in various species and different species were
shown to accumulate at different concentrations of oxygen (Baracchini and
Sherris, 1959). What drives bacteria to accumulate in a specific concentration of
oxygen? Is aerotaxis signaling due to the binding of diatomic oxygen to a
receptor? Answers to these questions became more apparent when (1) the
aerotaxis signal was identified, (2) key differences and similarities between
chemotaxis and aerotaxis were ascertained and (3) the biological significance of
aerotaxis in survival was understood. These studies reflect a paradigm shift in
the studies of “oxygen” sensing and the molecular mechanism of this complex
behavior.
2. Early Models
2.1. Electron-acceptor taxis
In parallel to aerotaxis studies, it was observed that E.co//and S. typhimurium
tumble in response to intense light (Macnab and Koshland, 1974; Taylor and
Koshland, 1975). Macnab and Koshland initially observed that free-swimming S.
typhimurium exposed to a short burst of intense light (390-530 nm) initiated
continuous tumbling, while longer exposures led to smooth swimming and finally
paralysis. Taylor and Koshland (1975) found that the light-induced tumbling
response was mediated by the chemotaxis machinery and could be overcome in
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the presence of a strong attractant. Furthermore, mutants lacking tumble
generating che genes did not tumble in response to light. This suggested that in
response to light, the level of a chemotaxis tumble regulator is altered. This
intrinsic light effect was elicited at lower light intensity in the presence of external
dyes. This phenomenon known as the photodynamic or extrinsic effect was a
dye-induced response to light in the presence of molecular oxygen (Spikes and
Livingston, 1969). The extrinsic light effect can be inhibited by histidine or
anaerobic conditions, whereas the intrinsic effect is not (Taylor and Koshland,
1975). The action spectra of the intrinsic light effect suggested that the response
may be mediated by an activated flavoprotein photoreceptor. When an extrinsic
dye is added, a small amount could diffuse into the membrane and as a result of
light and oxygen, photooxidize the photoreceptor. The intrinsic and extrinsic light
responses could converge after the initial photoreception whereby both effects
modulate a component in the chemotaxis cascade to elicit tumbly responses
(Taylor and Koshland, 1975).
Ordal and Goldman (1975) showed that uncouplers of oxidative
phosphorylation and inhibitors of electron transport are repellents for Bacillus
subtilis. However, arsenate did not cause tumbling and suggested that ATP
levels did not govern the tumble frequency. It was known that uncouplers and
respiratory inhibitors reduce the energetic state of the mitochondrial membrane
(Harold, 1972). The authors postulated that when uncouplers de-energize the
cell membrane, a protein transduces signals that lead to tumbling (clockwise
flagellar rotation) (Ordal and Goldman, 1975).
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Miller and Koshland (1977) studied the relationship between membrane
potential and chemotaxis in B. subtilis by using cyanine dye fluorescence as a
measure of membrane potential. An increase in dye fluorescence correlated with
a decrease in membrane potential (membrane depolarization). As an additional
indicator of membrane potential, the fluorescence of the cyanine dye was
correlated to triphenylmethylphosphonium bromide (TPMP) distribution. By
measuring TPMP distribution, Miller and Koshland (1977) obtained the numerical
value of the membrane potential at different conditions. Measurements of TPMP
showed that there is a good correlation between cyanine dye fluorescence and
the membrane potential. Chemoeffectors such as alanine caused smooth
swimming without altering membrane potential. When the membrane is
depolarized either by the addition of valinomycin (with high concentrations of
external potassium), or the uncoupler carbonylcyanide m-chlorophenylhydrazone
(CCCP), or in the absence of oxygen, the bacteria tumble or become paralyzed.
When the membrane potential increases, bacteria resume smooth swimming and
subsequently return to random swimming. The result indicated that bacteria
respond to temporal changes in membrane potential; membrane depolarization
causes cells to tumble while, hyperpolarization causes transient smooth
swimming. A later study showed that smooth swimming responses in Bacillus
cereus were also associated with an increase in membrane potential (Laszlo et
al., 1984). The observations by Ordal and Goldman (1975) and Miller and
Koshland (1977), led investigators to study the relationship between light,
electron transport and proton motive force (Taylor et al., 1979).
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S. typhimurium cells responded to serine and aspartate in the presence and
absence of electron acceptors during anaerobiosis (Taylor et al., 1979). In
contrast, removing electron acceptors (i.e. respiration) abolished the repellent
response to blue light. Adding an alternative electron acceptor such as,
fumarate, nitrate or trimethylamine oxide (TMAO) restored responses to blue light
in the anaerobic medium. The terminal reductases of the anaerobic electron
transport system are not constitutive and hence, the appropriate terminal
reductase must be induced to restore responses to nitrate, fumarate or TMAO.
This confirmed that a complete electron transfer pathway is required for
responses to light and electron acceptors.
The respiratory inhibitors, potassium cyanide (1 mM) and sodium azide
(5 mM), and the uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP;
10'7M) caused a brief tumbling response in aerobic S. typhimurium cells. E.coli
cells with a mutation in the energy transducting ATPase (uncA), had normal
responses to oxygen and blue light, demonstrating that ATP does not regulate
the behavioral response to oxygen or blue light. This provided further evidence
that perturbations in electron transport system are sufficient to alter swimming
behavior. Taken together, these findings led to the concept of “electron
acceptor-taxis”, the first model that incorporated electron transport and proton
motive force to explain behavioral responses to blue light and electron acceptors
(Taylor et al., 1979).
Responses to blue light could be explained by photooxidation of a
flavoprotein in the electron transport system. Oxidation of the flavoprotein inhibits
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electron flow through the respiratory chain, reduces proton motive force (pmf)
and causes a tumbling response. If pmf falls below a threshold level, cells are
unable to tumble and become smooth swimming and eventually become
paralyzed when pmf is completely depleted (Khan and Macnab, 1980a,b).
Electron acceptor / pmf taxis is an efficient way for bacteria to monitor and
optimize their energy supply without using several different receptors to measure
“each agent that affects the energized state of the membrane” (Taylor et al.,

1979).
2.2 Protometer hypothesis
Based on experimental evidence from phototaxis (Clayton, 1958; Harayama
and lino, 1977; Armitage and Evans, 1981), the action of uncouplers (Ordal and
Goldman, 1975; Miller and Koshland, 1977; Taylor et al., 1979), and the redox
state of electron transport chain components, Glagolev proposed that cells use
“redox sensing” to gauge energy status and a “protometer” to measure
fluctuations in pmf (Glagolev, 1980, 1984). The protometer would signal
tumbling when pmf dropped and smooth swimming when pmf increased and
hence guide the cell to a favorable environment in the presence of various pmfaltering agents.
2.3. Redox taxis
E.coli cells sense the redox state of their environment and swim to a niche
that supports a preferred reduction potential (Grishanin et al., 1991; Bespalov et
al., 1996). This behavior was named “redox taxis” since redox molecules interact
with the bacterial electron transport system and alter electron transport and
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proton motive force to elicit changes in swimming. The redox taxis response was
independent of methylation; a cheR and cheB mutant retained redox taxis.
Substituted quinones diverted electrons away from the electron transport chain
and elicited a tumbling (repellent) response under aerobic conditions. The
magnitude of the redox taxis response was directly proportional to the reduction
potential (electron affinity) of the quinone. In anaerobic conditions (absence of
respiration), addition of oxidized quinones permitted limited electron transport
and transiently increased the pmf, presumably by acting as an electron acceptor
for the dehydrogenases (Bespalov et al., 1996). In both aerobic and anaerobic
cells, a negative redox taxis response coincided with a decrease in pmf and a
positive response coincided with an increase in pmf.
The reduction /oxidation of quinone in situ, when the total quinone
concentration remained constant elicited a response in E.coli. Adding reduced
1,4 benzoquinol to aerobic cells had no effect on behavior, electron transport or
proton motive force. However, adding potassium ferricyanide to the suspension
oxidized the quinone, diverted electrons from the respiratory chain, reduced pmf
and elicited a tumbly response (Bespalov et al., 1996). Reduction of quinone (by
mercaptoethanol) had the opposite effect and the cells swam smoothly.
These results are consistent with a model in which a putative receptor
measures either a change in pmf or electron transport. Since pmf and electron
transport are tightly coupled, the results cannot distinguish the specific parameter
for the initial signal transduction event. The model also allows for the receptor to
measure a change in the redox state of a component in the electron transport
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chain. According to the model, a sensor in the membrane detects changes in
redox state or pmf and transduces this signal to modulate CheA phosphorylation,
thereby regulating flagellar motors and altering swimming behavior (Bespalov et
al., 1996). The similarities between redox taxis and aerotaxis also suggested
that a common sensor might be employed for both behaviors.
3. Roles of electron transport and proton motive force in metabolism-dependent
behavior
3.1. Temporal Assay
Early studies relied on the capillary assay to study bacterial migration in a
spatial gradient of oxygen. However, the capillary assay does not distinguish the
role of respiration in the formation of the spatial gradient. The quantitative
analysis of aerotaxis and an understanding of the underlying molecular
mechanism began with the development of the temporal assay (Laszlo and
Taylor, 1981).
Laszlo and Taylor (1981) measured key parameters for aerotaxis. The Ko.s of
aerotaxis (concentration eliciting the half maximal response) was shown to be
0.7 pM in early exponential phase cells in E.coli and S. typhimurium by varying
the step increase in oxygen concentration (Laszlo and Taylor, 1981; Laszlo et al.,
1984). The Ko.s for aerophilic responses in these cells is similar to the Km for
respiration. This suggested that the aerotaxis receptor is a cytochrome because
cytochromes are the only proteins with a Km for oxygen in the 10'6 to 10'8 M
range. In addition, aerotaxis was inhibited by 5 mM potassium cyanide and this
also suggested a role for electron transport. Alternative electron acceptors, such
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as nitrate and fumarate, inhibited taxis to oxygen when nitrate reductase and
fumarate reductase were induced. These results supported the hypothesis that
taxis to oxygen, nitrate and fumarate are mediated by electron transport.
3.2. Membrane Potential
Aerotaxis was positively correlated with changes in membrane potential
(Laszlo et al., 1981). At pH 7.5, the membrane potential in S.typhimurium
changed from -162 mV to -111 mV when aerobically grown cells were made
anaerobic (Shioi and Taylor, 1984). Membrane potential returned to the original
value when cells were returned to aerobioisis. This evidence supported earlier
hypotheses that an electron transport-mediated change in the proton motive
force is the parameter that regulates aerotaxis. Phototaxis and responses to
blue light are also independent of the Tsr, Tar and Trg signaling proteins.
Effectors such as light also modulate proton force and it was postulated that blue
light, oxygen, and other electron acceptors mediate responses by a common
signaling protein (Taylor et al., 1979; Laszlo and Taylor, 1981).
3.3. Relationship between proton motive force and oxygen
The relationship between the oxygen concentration where bacteria prefer to
congregate and proton motive force has been investigated. In a gradient of
oxygen, Azospirillum brasilense (a microaerophile) congregates in a band
between 3 and 5 pM oxygen (Zhulin et al., 1996). Bacteria swimming away from
the aerotactic band are repelled by the higher or lower concentration of oxygen,
tumble and return to the band. When the proton motive force in A. brasilense was
determined at various ambient oxygen concentrations, the proton motive force
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was maximal at the preferred oxygen concentration (Zhulin et al., 1996). The
proton motive force was lower at oxygen concentrations that were higher or lower
than the preferred oxygen concentration. According to these observations,
bacteria swimming toward the aerotactic band would experience an increase in
the proton motive force, and bacteria swimming away from the band would
experience a decrease in the proton motive force. This suggested that changes
in proton motive force regulate positive and negative aerotaxis and guide
bacteria to an oxygen concentration that supports maximal proton motive force.
3.4. Glycerol Taxis
Although previous studies reported that high concentrations of glycerol repel
E.coli (Adler et al., 1973), adding 1 mM glycerol elicited smooth swimming in wild
type E.coli cells (Zhulin et al., 1997b). Positive chemotaxis to glycerol was also
retained in a strain that was deficient in all chemoreceptors. The threshold
concentration for this response was 1 pM glycerol. In spatial assays, bacteria
inoculated in semi-soft agar containing glycerol (0.5 to 5 mM range) formed a
swarm with a cross section like an inverted saucer and a ring at the bottom of the
swarm (Zhulin, 1997b). Since proton motive is maximal at 4% oxygen in E.coli,
cells at the bottom swarm were hypothesized to have a higher proton motive
force (Zhulin et al., 1996). In this model, cells in the bottom swarm ring would
have the greatest increases in pmf as they swim from an oxygen depleted zone
to an area that has both glycerol and oxygen. The ring formation and temporal
responses to glycerol were dependent on the metabolism of glycerol and were
absent in cells that lacked glycerol kinase.
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Adding 1 mM glycerol to starved E.coli cells increased the membrane
potential from -120 mV to -160 mV (Zhulin et al., 1997b). This change jn
membrane potential is similar to the increase (50 mV) observed when anoxic
cells were exposed to 21% oxygen (Shioi and Taylor, 1984). In the presence of
10 mM lactate or succinate, no significant glycerol-mediated responses were
observed, whereas, responses to aspartate and serine were normal. This
suggested that glycerol taxis was an energy dependent taxis in which cells
responded to increases in pmf upon metabolism. Taxis to metabolized
substrates has also been documented in Rhodobacter sphaeroides,
Sinorhizobium melliloti and Myxococcus xanthus (Armitage and Schmitt, 1997;
Zusman and McBride, 1991).
4. Methylation-independent chemotaxis
Adaptation to blue light, oxygen and phosphotransferase sugars was
observed in S.typhimurium in the absence of other chemoreceptors, AdoMet or
the CheR methyltransferase (Niwano and Taylor, 1982). Bacteria adapt to
changes in pmf without the return of pmf to pre-stimulus levels (Miller and
Koshland, 1980; Laszlo and Taylor, 1981). This study revealed that bacteria
contain methylation-dependent and independent adaptation systems.
5. Convergence of aerotaxis and chemotaxis
The convergence of aerotaxis/pmf sensing and chemotaxis was established
by restoring individual chemotaxis components to a “gutted” strain that lacked all
chemotaxis genes (Taylor et al., 1988; Rowsell et al., 1995). The cheA, cheW,
and cheY genes are necessary to retain aerotaxis. This result suggested that the
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pmf-sensor transduced signals to the CheA histidine kinase and that signals from
the methylation dependent and methylation-independent pathways converged at
CheA.
6. Biological signficance of energy taxis
Receptors that sense changes in proton motive, electron transport or redox
are measuring energy-related stimuli. Therefore taxis to these stimuli is known
collectively as “energy-taxis” (Taylor and Zhulin, 1998). It is advantageous for
E.coliXo have both energy taxis and chemotaxis. In a natural environment such
as a pond, the degradation of matter releases amino acids to form a chemotactic
gradient. Bacteria will respond to this chemotactic stimuli, swim up the gradient
and cluster around the food source at densities up to 109 cells per ml (Taylor,
1983a). At this high density, bacteria will quickly deplete oxygen unless they are
near an air-liquid interface. Without aerotaxis, they would become trapped in a
lethal anaerobic, growth-limiting environment (Taylor et al., 1999). With
aerotaxis, bacteria sense a drop in intracellular energy (pmf) when oxygen
becomes rate limiting for respiration. Energy taxis then overrides chemotaxis to
move cells out of a hypoxic zone even though they are moving away from
chemoattractants (carbon and nitrogen sources). However, if the bacteria relied
solely on energy taxis, they would be attracted primarily to sugars and organic
acids, and could become deprived of nitrogen sources (Taylor and Zhulin, 1998).
Hence, when oxygen is not limiting, chemotaxis appears to be the primary
determinant of bacterial behavior.
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Aerotaxis has important roles in ecology. Microbial mats are stratified
ecosystems with steep gradients of oxygen, various ions and chemicals (Van
Gemerden, 1993). Aerotaxis in sulfate-reducing bacteria such as, Desulfovibrio
vulgaris and, cyanobacteria such as, Oscillatoria and Spirulina may maintain the
integrity of microbial mats. Energy taxis towards metabolizable substrates in
plant root exudates by Azospirillum may play a crucial role in plant-microbe
interactions (Taylor et al., 1999).
E. Studies in this work
1. Aer and Tsr are oxygen (redox) and energy transducers in E.coli
Evidence that CheA, CheW and CheY are part of the aerotaxis signal
transduction pathway, suggested that the putative aerotaxis receptor would have
(a) a signaling domain that is homologous to the C-terminal domain of
chemoreceptors that interacts with CheA and (b) a domain that senses changes
in pmf or electron transport. This study sought to identify and characterize the
E.coli transducers for responses to oxygen, redox and blue light.
2. PAS domain residues critical for signaling and FAD binding
Subsequent analysis of the aerotaxis transducer revealed a PAS domain in
the N-terminus of the protein. The cofactor bound to the Aer protein was
identified, and the mechanism of signal transduction was investigated by cysteine
scanning mutagenesis. The effect of the mutations on aerotaxis was determined.
On the basis of the mutant phenotypes, an active site was mapped on a model of
Aer and a signal transduction scheme was proposed.
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3. Upstream signaling component for aerotaxis
The signaling pathway between the electron transport system and Aer in Aermediated aerotaxis was studied, including a possible role of NADH
dehydrogenase I in aerotaxis.
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CHAPTER TWO

II. MATERIALS AND METHODS
A. Reagents
The following reagent grade chemicals were purchased from Sigma
Chemicals, St. Louis, Missouri: 3-amino-1,2,4-triazole (3-AT), ammonium sulfate,
ampicillin, bovine serum albumin, calcium chloride (CaCh)
ethylenediaminotetraacetic acid-disodium or potassium salt (EDTA), L-histidine,
L-leucine, magnesium sulfate, L-methionine, N,N,N’,N’-tetramethylenediamine
(TEMED), potassium phosphate dibasic (K2HPO4), potassium phosphate
monobasic (KH2PO4), sodium chloride, sodium lactate, streptomycin,
tetracycline, thiamine, threonine, tris (hydroxymethyl) aminomethane
hydrochloride (Tris-HCI) and succinic acid.
2-Mercaptoethanol, sodium citrate (dihydrate) and sucrose A.C.S. certified
reagents were obtained from J.T. Baker (Phillipsburg, New Jersey). Ultra pure
isopropyl (3-D-thiogalactoside (IPTG) and kanamycin monosulfate as well as gel
electrophoresis-grade reagents (acrylamide, N’N’ bis-acylamide, ultra pure
sodium dodecyl sulfate and Tris base) were obtained from ICN Biochemicals
Inc., Aurora, Ohio. Ultra pure grade glycine was obtained from Beckman
Chemicals, Fullerton, California. Electrophoresis purity-grade ammonium
persulfate was purchased form BioRad Laboratories (Richmond, California).
The redox compound 1,4 benzoquinone was purchased from Aldrich
Chemical Company Inc., (Milwaukee, Wisconsin). Reagent grade 190 proof
ethanol was purchased from Quantum Chemical Co., (Anaheim California) while
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methanol and glacial acetic acid were purchased from Fisher Scientific (Fairlawn,
New Jersey).
B. Strains and Growth Media
Strains and plasmids used in this study are listed in Table 2.1 and Table 2.2,
respectively. All strains were grown at either 30° C (for optimal motility in
behavioral assays) or at 37° C (for optimal growth) in liquid media with vigorous
shaking for aeration (Gyratory Water Bath-Shaker Model G76, New Brunswick
Scientific Co., Edison, New Jersey). Bacterial strains were routinely cultured in
(a) Luria-Bertani (LB) medium (Davis et al., 1980): 1.0o/oBacto tryptone-peptone
(Difco Laboratories), 0.5o/o sodium chloride (Sigma Chemical), 0.5% bacto yeast
extract (Difco Laboratories), supplemented with 0.0001 %thiamine or (b) Tryptone
broth (TB): 10/o Bacto tryptone-peptone and 0.5o/o sodium chloride. Media was
always prepared in double deionized water.
Stock cultures of E.coli strains received from other laboratories were streaked
for single colonies on LB-plates containing 1.50/0 Bacto-agar (Difco laboratories)
(Silhavy et al., 1984) and the appropriate antibiotic(s) (100 pg/ml ampicillin, 50
pg/ml kanamycin, 25 pg/ml tetracycline, 50 pg/ml streptomycin, or 25 pg/ml
chloramphenicol) and incubated at 37° C. Single colonies were then inoculated
into LB liquid media containing the appropriate antibiotic(s) and assayed for
behavioral responses. Auxotrophic requirements were verified by growth in H1
minimal salt media (64 mM potassium phosphate dibasic, 35 mM potassium
phosphate monobasic, 15 mM ammonium sulfate) containing 30 mM succinate
and 1 mM magnesium sulfate, and supplemented with thiamine, histidine,
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Table 2.1. Strains used in this study.
Strain

Source or Reference

Genotype

Wild type strains
CP875

thi-1 thr(Am)-1 leuB6 hisF-4

Alan Wolfe (Loyola Univ.)

rpsL13G? lacYl MacX74 XlacY
MM335

mal TM

M. Manson (Texas A&M Univ.)

RP437

F’thi-1 thr1(Am) leuB6 hisG4

J.S. Parkinson

metF159(Am) eda rpsL 136 ara-14

(Univ. of Utah)

lacYl mtl-1 tonA31 tsx-78 xyl-5
Aerotaxis mutants

BT3300
BT3309
BT3310

MM335 aer-2::kan

Rebbapragada et al., 1997

RP437 aer-2::kan

Rebbapragada et al., 1997

BT3309 / pGH1 (Aer++)

Rebbapragada et al., 1997

BT3311

aer-2::kan Atsr-7021

Rebbapragada et al., 1997

BT3312
BT3313
BT3358
BT3359
BT3360
BT3361
BT3362
BT3363
BT3364
BT3365
BT3366
BT3367
BT3368
BT3369
BT3370
BT3371
BT3372
BT3373
BT3374
BT3375

RP437 Aaer-1 Atsr-7021

Repik et al., 2000

BT3311 / pJC3 (Tsr++)

Rebbapragada et al., 1997

BT3312 / pAVR9 (AerN34C++)

Repik et al., 2000

BT3312 / pAVR12 (AerG42C++)

Repik et al., 2000

BT3312 / pAVR14 (AerE47C++)

Repik et al., 2000

BT3312 / pAVR17 (AerR57C++)

Repik et al., 2000

BT3312 / pAVR18 (AerH58C++)

Repik et al., 2000

BT3312 / pAVR20 (AerD60C++)

Repik et al., 2000

BT3312 / pAVR25 (AerF66C++)

Repik et al., 2000

BT3312 / pAVR26 (AerD68C++)

Repik et al., 2000

BT3312 / pAVR32 (AerW79C++)

Repik et al., 2000

BT3312 / pAVR35 (AerN85C++)

Repik et al., 2000

BT3312 / pAVR40 (AerG90C++)

Repik et al., 2000

BT3312 / pAVR45 (AerY111C++)

Repik et al., 2000

BT3312 / pAVRSO (AerR57K++)

Repik et al., 2000

BT3312 / pAVR51 (AerH58K++)

Repik et al., 2000

BT3312 / pAVR52 (AerH58Y++)

Repik et al., 2000

BT3312 / pAVR53 (AerD60E++)

Repik et al., 2000

BT3312 / pAVR54 (AerD60N++)

Repik et al., 2000

BT3312 / pAVR55 (AerY111A++)

Repik et al., 2000
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BT3376
BT3377
BT3378
BT3379
BT3380
BT3381
BT3382

BT3312 / pAVR56 (AerY111F++)

Repik et al., 2000

BT3312 / pAVR57 (AerY111H++)

Repik et al., 2000

BT3312 / pAVR58 (AerY111P++)

Repik et al., 2000

BT3312 / pAVR59 (AerY111R++)

Repik et al., 2000

BT3312 / pAVR60 (AerY111S++)

Repik et al., 2000

BT3312 / pAVR61 (AerY111V++)

Repik et al., 2000

BT3312 / pAVR62 (AerY111W++)

Repik et al., 2000

BT3386
BT3387
BT3341

BT3312 / pAVR48 (AerAA65++)

Repik et al., 2000

BT3312 / pAVR49 (Aer-A67++)

Repik et al., 2000

CP875 aer-2::kan

This study

BT3342

CP875 Atsr-7021

This study

BT3345
BT3360
RP5882

CP875 aer-2::kan Atsr-7021

This study

MM335 / pGH1 (Aer++)

Rebbapragada et al., 1997

RP437 Atsr-7021

J.S. Parkinson (Univ. of Utah)

UU1117

RP437 Aaer-1

Bibikov et al., 1997

Electron transport system mutants
AJW844

CP875 nuoBr.kan

Falk-Krzesinski and Wolfe, 1998

AJW845

CP875 nuoH::kan

Falk-Krzesinski and Wolfe, 1998

AJW847

CP875 nuoN::kan

Falk-Krzesinski and Wolfe, 1998

AJW851

CP875 nuoF.miniTnl0

Falk-Krzesinski and Wolfe, 1998

AJW1270

F’ thi ndh2::cam

Alan Wolfe (Loyola Univ.)

CP938

CP875 AnuoF-L

Falk-Krzesinski and Wolfe, 1998

BT3343

AnuoF-L aer-2::kan

This study

BT3344

AnuoF-L Atsr-7021

This study

BT3346

AnuoF-L Atsr-7021 aer

This study

GK100

A cyo A cyd

Kaysser et al., 1995

MWC190

nuo::tet

Calhoun and Gennis, 1993

MWC215

ndh2::cam

Calhoun and Gennis, 1993

MWC232

nuo::tet ndh2::cam

Calhoun and Gennis, 1993

Yeast host strain
Y190

MATa ura3-52 his3-A200 ade2-101
trp 1-901 Ieu2-3112 A ga!4Agal80
URA3::GAL-lacZ cyhr
Clonetech.

LYS2::GAL-HIS3

85

Table 2.2. Plasmids and Transducing Phage
Genotype

Source or Reference

pGADIO

Yeast activation-domain vector, Leu+

Clonetech

pGBT9

Yeast GAL4 binding-domain vector;

Plasmid
Vectors

Trp+

Clonetech

pK03

rep pSC101 (fs)b sacB, CamR

Linket al., 1997

pProEXHTa

6xhisc, ptrc, lacf*

GIBCO Life Technologies

pTrc99A

ptrc, lacf

Pharmacia

pA12

pK03 aer-3::kan

Rebbapragada et al., 1997

pAR1

GAL4-binding domain-Aer^soe

This study

pAR2

GAL4-binding domain-Aer!^!

This study

pAR3

GAL4-binding domain-Aer^^e

This study

pAR4

GAL4-binding domain-Aer^.soe

This study

pAVR1

Aer+ 6xhis2-166

Repik et al., 2000

pAVR2

Aer+ 6xhis2-506

Repik et al., 2000

pAVR4

Aesr+ 6xhisAer2-260+Tsr271 -550

Repik et al., 2000

pAVR9

Aer 6xhis2-5oeN34C

Repik et al., 2000

pAVR12

Aer 6xhis2-506G42C

Repik et al., 2000

pAVR14

Aer+ 6xhis2-506 E47C

Repik et al., 2000

pAVR17

Aer+ 6xhis2-506 R57C

Repik et al., 2000

pAVR18

Aer+ 6xhis2-506 H58C

Repik et al., 2000

pAVR20

Aer 6xhis2-5oeD60C

Repik et al., 2000

pAVR25

Aer 6xhis2-506p66C

Repik et al., 2000

pAVR26

Aer 6xhis2-506D68C

Repik et al., 2000

pAVR32

Aer 6xhis2-5oeW79C

Repik et al., 2000

pAVR35

Aer 6xhis2-5oeN85C

Repik et al., 2000

pAVR40

Aer 6xhis2-5oeG90C

Repik et al., 2000

pAVR45

Aer 6xhis2-50eY 111C

Repik et al., 2000

pAVR48

Aer 6xhis2-5oeAA65

Repik et al., 2000

pAVR49

Aer 6xhis2-506A67

Repik et al., 2000

pAVRSO

Aer 6xhis2-506R57K

Repik et al., 2000

pAVR51

Aer 6xhis2-506H58K

Repik et al., 2000

Recombinant Plasmids
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pAVR52

Aer+ 6xhis2-506 H58Y

Repik et al., 2000

pAVR53

Aer+ 6xhis2-506 D60E

Repik et al., 2000

pAVR54

Aer 6xhis2-5O6D60N

Repik et al., 2000

pAVR55

Aer 6xhis2-5oeY 111A

Repik et al., 2000

pAVR56

Aer 6xhis2-5oeY 111F

Repik et al., 2000

pAVR57

Aer 6xhis2-5oeY111H

Repik et al., 2000

pAVR58

Aer 6xhis2-50eY111P

Repik et al., 2000

pAVR59

Aer 6xhis2-506Y111R

Repik et al., 2000

pAVR60

Aer 6xhis2-50eY 111S

Repik et al., 2000

pAVR61

Aer 6xhis2-5oeY 111V

Repik et al., 2000

pAVR62

Aer 6xhis2-5oeY 111W

Repik et al., 2000

pG13

pK03 aer-2::kan

Rebbapragada et al., 1997

pGH1

pTrc99A Aer+ 1-506

Rebbapragada et al., 1997

pJC3

Tsr+ 1-551

J.S. Parkinson (Univ. Utah)

pT-GroE

pT7, GroESL, CamR

Yasukawa et al., 1995

P1.JC7623

P1 isolated from JC7623

Leonard Bullas (LLU)

P1 .Atsr7021Thf

P1 isolated from RP5882

Rebbapragada et al., 1997

a rpsL136:

confers streptomycin resistance,

b rep pSC101 (fs):

temperature sensitive origin of replication.

c 6xhis:

6-histidine tag gene fusion.

Transducing phage
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methionine, leucine and threonine as needed (Kaiser and Hogness, 1960). After
confirming the identity of new strains or constructs, single colonies were
inoculated into LB media (supplemented with antibiotics as needed) and grown to
O.D.eoo = 0.8. One ml of cells was mixed with 250 pi of 50% glycerol (10% final
concentration) in a cryovial and stored at -80° C.
Yeast cells were cultured in YPD media (20 g/L peptone and 10 g/L yeast
extract) in liquid or plate culture (Sambrook et al., 1989). When screening for
auxtrophic growth markers, yeast cells were grown in minimal synthetic dropout
medium (SD) without the required dropout (DO) supplements. One liter SD
media (pH 5.8) with all the supplements includes the following: 1.7 g yeast
nitrogen base, 5 g ammonium sulfate, 20 mg adenine hemisulfate, 20 g agar (for
plates), 1 sodium hydroxide pellet, 50 mg arginine, 80 mg aspartic acid, 20 mg
histidine, 50 mg isoleucine, 100 mg leucine, 50 mg lysine, 20 mg methionine, 50
mg phenylalanine, 100 mg threonine, 50 mg tryptophan, 50 mg tyrosine, 20 mg
uracil and 140 mg valine. After autoclaving and cooling the media to 55° C, 50
ml of 40% dextrose (w/v) was added to the media to reach a final concentration
of 2% dextrose in 1 L. SD media lacking histidine (His), tryptophan (Trp) or
leucine (Leu) could be prepared rapidly by adding 0.62 g complete supplement
mix per 1 L SD media, instead of adding individual supplements. When Y190
cells were screened for HIS3+ transformants, they were grown in the presence of
25 mM 3-AT to suppress the leaky expression of HIS3. 3-AT is heat labile and
was added (filter sterilized 5 M stock solution) to the autoclaved media after it
cooled to 55° C.
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C. Growth Curves and Doubling Time
Cells were grown overnight in LB (supplemented with the appropriate
antibiotics) to stationary phase. Growth rates of nuo mutants were measured in
TB while, other strains were grown in LB. Cells were then diluted 10'2 into a 5 ml
volume of fresh TB or LB and in a sterile unscratched glass test tube. The cells
were aerated with shaking at 250 rpm (Gyratory Water Bath-shaker Model G76,
New Brunswick scientific Co., Edison, New Jersey) at 30° C. Optical density at
600 nm (O.D.eoo) was monitored at 40 min intervals using a spectrophotometer
(Model 100-20, Hitachi Interment Corp. of America, Danbury, Connecticut). The
O.D.eooof the cells was plotted versus time on semi-log graphing paper and
doubling time calculated (by assuming that changes in O.D. directly correlate
with changes in the amount of cells).
D. Spatial Assays
1. Semi-soft plate assay for chemotaxis
The swarming response of bacteria to spatial gradients of chemoattractants
was measured in semi-soft agar plates. The swarm plates generally contained
0.28% (wt/vol) Bacto-agar (Difco Laboratories). Swarm plates were examined on
a light-box with a black background with oblique lighting. Images of swam plates
were captured with an Alpha Innotech camera (Alpha Innotech Imaging
California) and the diameter of the swarm (formed as the cells migrated outwards
from the inoculation site) was measured. The phenotypes of the nuo mutants,
obtained from Alan Wolfe (Loyola University, Maywood, Illinois), were confirmed
on tryptone semi-soft plates containing 0.2% agar. Cells were grown with
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aeration in TB supplemented with the appropriate antibiotic(s) at 30° C to mid
exponential phase (O.D.eoo = 0.4-0.5). Cells were inoculated on the swarm plate
by dipping a sterile wooden applicator into the cell culture and stabbing the
swarm plate just beneath the surface. Wild type cells formed an inner aspartate
ring and an outer serine ring. The plates were incubated at 30° C in a humidified
incubator until the outermost serine ring was 1-4 cm from the edge of the plate.
The plates were then examined for the presence or absence of the inner
aspartate ring. The absence of this ring is indicative of the nuo mutant
phenotype, i.e. the lack of a functional complex (Prup et al., 1994 and FalkKrzesinski and Wolfe, 1998).
The phenotype in spatial gradients of oxygen was measured on minimal
media semi-soft plates containing auxotrophic requirements, carbon source and
appropriate antibiotics. H1 minimal salts medium was supplemented with
thiamine (0.0001%), histidine (0.002%), methionine (0.002%), leucine (0.002%)
and threonine (0.002%) as required. A single colony was inoculated beneath the
surface of the plate with a sterile toothpick. Plates were incubated for 30-48 h at
30° C in a humidified incubator. Aerotaxis positive strains formed saucer shaped
(trapezoid) swarms with a sharp bottom ring. Dense growth (cloudy or opaque
appearance) was found on the upper swarm. Aerotaxis-deficient strains
produced diffuse cylindrical swarms with fuzzy rings.

90

2. Capillary assay for aerotaxis
The capillary assay used in this study is described by (Sherris et al., 1957;
Adler, 1966). Cells were grown to mid-logarithmic phase (O.D.eoo = 0.35-0.45) in
LB or TB with vigorous shaking at 30° C. Cells were loaded into an optically flat
glass 0.1 mm capillary (VitroCom Inc., Mountain Lakes, New Jersey) by dipping
one end of the capillary into the cell suspension and allowing the cells to rise into
the capillary. Band formation was observed with a dark-field video microscope
(Leitz Dialux trinocular microscope, Wetzler, Germany) under 800 X and 500 X
magnification. The microscope was fitted with a video camera (Cohu Solid State
CCD Camera [Cohu, Inc., San Diego, California]) attached to a video monitor
(Panasonic Industrial Co., Secoucus, New Jersey), Sony Model SLV-R1000
video cassette recorder (Sony Electronics Inc., Oradell, New Jersey) and timedate generator (Panasonic model WJ-810). Wild type cells typically formed a
sharp aerotactic band within 15-20 min. An aerotactic band (qualitatively scored
as +++) is characterized by a dense accumulation of cells at a distance from the
air-liquid interface with clear zones flanking the band. Occasionally cells will
swim away from the dense zone, tumble and return to the band. Bands in which
cells tumbled and returned to the dense zone were classified as aerotaxis bands.
Non-motile cells are found in a pseudo-band behind the aerotactic band. Mutant
strains either formed a diffuse band (++/+) or no band at all (0).
E. Temporal Assays
Bacteria were grown in either LB or TB at 30° C with vigorous shaking to
O.D.eoo =: 0.3-0.35. Responses were viewed at 800 X magnification as described
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above. Response time was measured as the time required for 50% of the cells to
resume the pre-stimulus motility pattern (Spudich and Koshland, 1975).
1. Aerotaxis assays
Cells were diluted and preadapted in a shaking water bath for twenty minutes.
A 10 pi drop of diluted (2 x 107 cells/ml) bacterial cell suspension was placed on a
clean glass slide without a coverslip. The slide was inserted into a microchamber, which was connected to a gas proportioner that mixed oxygen and
nitrogen at a selected ratio (Laszlo and Taylor, 1981). The chamber was
ventilated with air (21% oxygen) for at least two minutes before nitrogen was
admitted (0% oxygen) (Shioi et al., 1987). Responses were video-recorded and
the time required for 50% of the cell population to resume pre-stimulus motility
was calculated. Each strain was assayed on three separate days in triplicate
(n=9). Video-recordings were viewed and response times verified in a double
blind assay by an independent experimenter.
2. Redox Assays
A temporal assay was used to measure the taxis response to redox effectors,
such as substituted quinones, that divert electrons away from the respiratory
chain. Responses to 1,4 benzoquinone (reduction potential of +99 mV,
Wardman, (1989)) were measured by the method of Bespalov et al., (1996).
Cells were washed twice and resuspended in chemotaxis buffer (10 mM
potassium phosphate, 0.1 mM K-EDTA pH 7.0) supplemented with 20 mM
sodium lactate or 20 mM sodium succinate. A 1 ml aliquot of cells was
centrifuged at 4800 x g for 6 min (in a tabletop Eppendorf centrifuge, Model
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5704), the supernatant was decanted and the cell pellet was resuspended in 1 ml
chemotaxis buffer. A 9 pi drop of diluted (2x107) bacterial suspension was
placed on a microscope slide and the un-stimulated motility pattern of the
bacteria was observed with a dark-field video microscope. A 100 mM stock
solution of 1,4 benzoquinone in ethanol was prepared fresh for each experiment
and stored at -20°C. A 100 pM working solution of quinone was freshly prepared
every 20 min by diluting a portion of the 100 mM stock in water. A 1 pi aliquot of
the dilution was added to the cell suspension to give a final concentration of 10
pM. Changes in swimming pattern were measured as described previously in
this section. Responses to chemotaxis buffer alone were used as a control to
confirm that the quinone solution was still potent.
3. Taxis to amino acids or repellents
A temporal assay was also used to measure Tsr-mediated responses to
serine and Tar-mediated responses to aspartate and the repellent cobalt
(Mesibov and Adler, 1971; Silverman and Simon, 1977b). Cells were washed
and resuspended in chemotaxis buffer containing 20 mM sodium lactate as
described in the previous section. A 9 pi drop of diluted (2 x 107) bacterial
suspension was placed on a microscope slide and the unstimulated motility
pattern of the bacteria was observed with a dark-field video microscope. A 100
mM stock solution of serine, aspartate or cobalt in water was prepared. Smooth
swimming responses to 10 pM serine or aspartate or tumbling responses to 200
pM cobalt were documented as described earlier. Responses to chemotaxis
buffer were measured as a control.
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F. Tethered Cell Assay
1. Background
The tethered cells assay was used to determine the probability of CW
(clockwise) rotation of the flagella (Block et al., 1982; Ames and Parkinson,
1994). In this procedure, flagella are sheared and the cell body tethered to a
glass slide using antibodies against the flagellar filament. This prevents the
flagellum from rotating but instead, causes the entire cell body (soma) to rotate.
Rotation alternates between CW and CCW directions. The steady state rotational
bias and inverse responses of cysteine replacement mutants were confirmed by
the tethered cell assay.
2. Protocol
Rabbit anti-flagellar IgG antibody, a gift from J.S. Parkinson (University of
Utah, Salt Lake City, Utah), was diluted 1:20 and aliquots stored at-80° C. Pre
cleaned microscope slides (25x75 mm) were purchased from VWR scientific Inc.,
(West Chester, Pennsylvania). The protocol is modified from Berg and Tedesco,
(1975) and Block et al., (1982).
Scrupulously clean and unscratched slides are a prerequisite for the tethered
cell assay. Microscope slides were cleaned prior to the assay by soaking
overnight in 18 M sulfuric acid saturated with potassium dichromate. The slides
were rinsed thoroughly with distilled water and dried on two layers of lens paper
sandwiched between three layers of Kimwipes. Slides were prepared on the day
of the experiment to prevent dust accumulation.
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Bacterial strains were grown to O.D.6oo = 0.4 to 0.5 in LB at 30° C with
vigorous shaking. Cells (3 ml) were centrifuged at 5000 x g for 10 min at 4° C in
sterile Corex tubes (SS-34 rotor, RC-2B Sorvall centrifuge, Dupont Instruments,
Newton, Conneticut). The cell pellet was resuspended in 3 ml tethering buffer
(TetB) as described in Block et al., 1982 (10 mM potassium phosphate pH 7, 67
mM sodium chloride, 10 mM sodium lactate, 0.1 juM dipotassium EDTA, 1 mM
magnesium sulfate, 1 mM ammonium sulfate). The cells were recentrifuged and
resupended in 0.5-1 ml tethering buffer.
Bacterial flagella were sheared by passing the cell suspension through a 26gauge needle 60 times. Shearing was repeated until the cells appeared nonmotile under the microscope. The cell suspension was added to 2.5 ml of fresh
tethering buffer in a clean Corex tube and recentrifuged. Cells were washed
twice more and resuspended in a final volume of 3 ml tethering buffer
supplemented with 0.2 mg/ml methionine, 0.2 mg/ml histidine and 200 pg/ml
chloramphenicol (TetB+His+Met+Cam). Methionine and histidine are
auxotrophic requirements for methyl donor (AdoMet) and ATP production
respectively. Chloramphenicol prevents protein synthesis and therefore inhibits
flagellar re-synthesis. When more than one flagella adheres to the slide the cell
will be unable to rotate.
Approximately 20 pi of the sheared cell suspension was added to 1 ml of
TetB+His+Met+Cam for a final concentration of 1x108 cells/ml. Anti-flagellar
antibody (5 pi or 1:400 final dilution) was added to 100 pi of the cell suspension.
The suspension was vortexed gently to mix cells and antibody. Twenty pi of the
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mixture was pipetted onto a clean slide. The slide was incubated at room
temperature for 20 min to 1 h inside a moist chamber.
3. Data Collection
Tethered cells were studied either for their steady state (unstimulated)
behavior or response to changes in oxygen concentration. After incubation, the
slides were placed on the microscope stage or perfusion chamber (E.H. Rowsell,
Ph.D. dissertation, Loma Linda University, Loma Linda, 1994) and observed at
800 X magnification. The rotation of tethered cells was video-recorded for 10-15
seconds. The number of CW or CCW rotations within a given time interval was
documented for at least 50 cells per sample. The data was plotted on a
histogram as the number of cells that rotated CCW exclusively, >50%CCW, no
bias, >50% CW and exclusively CW.
The camera attached to the microscope inverts the image from the slide onto
the TV screen display. Therefore, the direction of cell body rotation seen on the
TV screen corresponds to the flagellar rotation pattern.
G. Molecular Biology Techniques
1. Plasmid DNA isolation
Medium and high copy number plasmids were isolated from cells using a
modified alkaline lysis procedure of Birnboim and Doly (1978) and subsequently
purified on a Qiagen plasmid spin mini preparation column (Qiagen Inc.
Chatsworth, California). All buffers were provided in the Qiagen kit. A single
colony was inoculated into a 3-5 ml volume of LB containing the appropriate
antibiotic(s) and incubated with vigorous shaking for 12-16 h (overnight
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incubation). The bacterial culture was centrifuged at 12000 x g for 15 min (RC2B Sorvall centrifuge, SS-34 rotor). The pellet was resuspended in 250 pi P1
buffer containing 100 pg/ml RNase (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 100
pg/ml RNaseA) and lysed in 250 pi P2 buffer (200 mM sodium hydroxide, 1%
sodium dodecyl sulfate). Cell lysates were neutralized with 350 pi of P3 buffer (3
M potassium acetate, pH 5.5) to precipitate denatured proteins, chromosomal
DMA, cellular debris, and SDS. The soluble plasmid DMA was separated by
centrifuging cell lysates at 21,000 x g for 10 min (Eppendorf benchtop centrifuge,
Model 5417R). DNA selectively binds the silica-gel membrane column of the
Qiagen kit in the presence of a high concentration of chaotropic salt. DNA was
eluted with 50 pi Tris-EDTA (TE) buffer (10 mM Tris pH 8.5, 1 mM EDTA).
Low copy number plasmids (5-10 copies/cell) carrying the pSC101temperature sensitive origin of replication (pK03 and its derivatives) were
isolated from cells after chloramphenicol amplification (Sambrook et al., 1989). A
single colony of the bacterial strain carrying pK03 (or derivatives) was inoculated
into 5 ml LB+chloramphenicol (25 pg/ml) and incubated at 30° C with vigorous
shaking for 6-10 h. The strain was subcultured (1:100 dilution) into a 30 ml
volume of LB+chloramphenicol (25 pg/ml) and grown at 30° C to an O.D.eoo of
approximately 0.6 (logarithmic phase). The late logarithmic phase culture was
added to 500 ml fresh LB+chloramphenicol (25 pg/ml) and incubated for exactly
2.5 h at 30° C with vigorous shaking (300 cycles/min) on a rotary shaker (New
Brunswick Controlled Environment Incubator System, New Brunswick Scientific
Co., Edison, New Jersey). The resulting culture had an O.D.eoo of approximately
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0.4. Low copy number plasmids were then amplified by adding chloramphenicol
(170 pg/ml). The culture was incubated for 12-16 h at 30° C with vigorous
shaking (300 cycles/min). Chloramphenicol treatment arrests bacterial
replication without inhibiting plasmid replication. After the chloramphenicol
treatment, cells were lysed and plasmids isolated according to the standard
plasmid purification protocol described above.
2. Chromosomal DNA isolation
Chromosomal DNA was rapidly isolated from single colonies to screen for
allelic exchange. The following method is modified from Sambrook et al., 1989.
Single colonies were picked with a tooth pick and swirled into 100 pi of sterile
deionized water. The cell suspension was boiled for 10 min. After boiling, the
suspension was centrifuged at 21,000 x g for 10 min to pellet cell debris. The
supernatant containing chromosomal DNA was carefully removed and stored in a
clean micro-centrifuge tube at 4° C prior to use.
3. Polymerase Chain Reaction
All PCR reactions were carried out in a Perkin Elmer GeneAmp PCR System
2400 Thermal Cycler (Perkin Elmer, Norwalk, Connecticut) using the enzymes,
deoxy-nucleotide triphosphate mix (dNTPs) and PCR buffer from the Expand
Long Template PCR System (Boehringer Mannheim Biochemicals / Roche
Molecular Biochemicals, Indianapolis, Indiana).
The Expand Long Template PCR system utilizes a unique enzyme mix
containing thermostable Taq and Pwo DNA polymerases. Taq polymerase alone
can amplify up to 15 kilobases (kb) target DNA (Kainz et al.,1992). The Pwo
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polymerase has proof reading activity that can effectively reduce error frequency
by a factor of 10 but cannot amplify larger DNA fragments. The combination of
the Expand Long polymerase mix, optimized buffer system and cycling
conditions overcomes the length limitation and is able to amplify long DNA
fragments while maintaining high fidelity of PCR products. (Barnes,1994; Cheng
et al., 1994). The Expand long polymerase mix (5 units/pl) is supplied in: 20 mM
Tris-HCI, pH 7.5, 100 mM potassium chloride, 1 mM dithiothreitol, 0.1 mM EDTA,
0.5% (v/v) Tween 20, 0.5% (v/v) Nonidet P40, 50% (v/v) glycerol. The enzyme
was stored at -20°C prior to use.
The pre-mixed dNTP stock contained 10 mM each of dATP, dCTP, dTTP and
dGTP. A final concentration of 350 pM dNTPs in PCR buffer containing 1.75 mM
MgCI2 was used.
The PCR buffer was supplied in a 10 X concentration consisting of: 500 mM
Tris-HCI, pH 9.2, 160 mM ammonium sulfate and 17.5 mM MgCI2. A 1 X final
concentration of buffer was used in the PCR reaction mix.
The following upstream and downstream amplification primers were used to
amplify the full length Aer gene;
Upstream:
Aer:
or
EcoRIAer:

5’ GCGAATTCCATGTCTTCTCATCCGTATG 3’
5’ GCGAATT CAT GT CTTCT CAT CCGTATGT C 3’

Downstream:
Aer:
5’ ACGCGTCGACTTAATGCAGTACCGTCACCGC 3’
These oligonucleotides were supplied by the DNA Core Facility of Lome Linda
University. The primers anneal to the terminal 5’ and 3’ sequences of the aer
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gene and contain EcoRI (upstream) and Sa/I (downstream) restriction enzyme
sites in the primer overhang (underlined).
A PCR master cocktail consisting of: 350 pM dNTPs, 1 X PCR buffer, 90
pmoles primers and sterile double deionized water was prepared in a sterile
micro-centrifuge tube on ice. Aliquots of the PCR cocktail were placed in 0.2 ml
thin-walled MicroAmp PCR Reaction tubes (Perkin Elmer, Norwalk, Connecticut).
Three pi of template DNA (isolated from colonies) or approximately 50 ng
genomic DNA was added to the reaction mix prior to placing the PCR tubes in
the thermocycler.
DNA was amplified with cycling parameters optimized for the Expand Long
Template PCR system [2 min at 94° C (hot start); 10 cycles: 5 s at 94° C, 30 s at
66° C, 2 min at 68° C; 20 cycles: 50 s at 66° C, 2 min 20 s at 68° C; 4° C (hold)].
The polymerase mix (3.5 units or 0.7 pi) was added to each PCR tube after the
hot start. After PCR, DNA was stored at -20° C pending future analysis.
4. Restriction enzyme digestion of DNA
Plasmid or PCR amplified DNA was digested using restriction endonucleases
obtained from New England Biolabs, Inc., (Beverly, Massachusetts).
Approximately 0.1 pg to 5 pg DNA was mixed with the appropriate restriction
endonuclease(s) and buffer (supplied by New England Biolabs Inc.,) in a 20 pi
reaction volume and digested for one to two h at the temperature and conditions
prescribed by the manufacturer. If multiple restriction enzymes were used to
digest DNA then, enzymes active in the same buffer were added simultaneously
in the same reaction tube. If the restriction enzymes required separate buffer
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conditions for activity, digestions were carried out sequentially. After each
digestion the DNA was washed with 6 volumes 70% cold ethanol and
precipitated by centrifuging the mix at 14000 rpm (Eppendorf, Model 5417R,
Brinkman Instruments Inc., Westbury, New York). The DNA pellet was air dried
and re-dissolved in an appropriate volume of TE buffer (10 mM Tris-HCI pH 8.5,
1 mM EDTA) and used in the next reaction. Digested DNA was analyzed by
agarose gel electrophoresis, used in a ligation reaction or stored at 4° C.
5. Agarose gel elerophoresis of DNA
Plasmid and PCR amplified DNA and restriction digests were resolved on
agarose gels that consisted of 0.8 to 1% agarose (HOT SeaKem, FMC Corp.,
Rockland, Maine) dissolved in Tris-acetate-EDTA (TAE) buffer (40 mM Tris
buffer [pH 7.9], 20 mM sodium acetate trihydrate, 1 mM disodium EDTA [pH 8.0],
final pH adjusted to 7.2 with acetic acid). Smaller fragments were resolved with a
higher density agarose gel. The gel was poured in a Horizontal Gel
Electrophoresis Slab (Kodak BioMax, New Haven, Connecticut) and run on a
Horizontal Gel Electrophoresis Unit (model QS710, Kodak BioMax, New Haven,
Connecticut) using 1 X TAE containing 0.5 jig/ml ethidium as the running buffer.
A one-tenth volume of 10 X loading buffer (1 X TAE, 50% glycerol, 1%
Bromophenol blue, 1% xylene cyanol) was added to the DNA samples.
Approximately 10 to 20 \i\ of the DNA sample (depending on sample
concentration) was loaded per well. A 1 kb DNA ladder (GIBCO Life
Technologies, Gaithesburg, Maryland) was loaded on each gel. The gel was run
at 100 V until the dye front migrated approximately 80% of the gel length. DNA
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fragments were visualized on an ultraviolet trans-illuminator. The gel was
photographed and the image digitized, printed and archived on a computer disk
with the Alpha Innotech Imaging System (Alpha Innotech Imaging Inc.,
California).
6. Electro-transfromation of competent E.coil
The recipient strain was grown overnight in LB with appropriate antibiotics at
37° C with vigorous shaking. The next day, a 1 L volume of fresh LB
(supplemented with appropriated antibiotics) was inoculated with 1:100 volume of
the overnight culture. Cells were grown with shaking at 37° C to mid-logarithmic
phase (O.D.6oo= 0.5-0.8) (New Brunswick Controlled Environment Incubator
System, New Brunswick Scientific Co., Edison, New Jersey). The flask of cells
was chilled in an ice bath for 15-30 min. Cells were harvested by centrifuging in
a cold rotor (GSA, Sorvall) at 9000 rpm for 15 min. The supernatant was
discarded and the cell pellets were completely resuspended (no clumps) in 1 L of
cold sterile, double deionized water that had been passed through both an ion
exchange column and a reverse osmosis column (Nanopure II system,
Barnstead/Thermolyne Crop., Dubuque, Iowa). The resuspended cell pellet was
centrifuged again at 9000 rpm for 15 min. The supernatant from the second spin
was discarded, the cell pellet resuspended in 500 ml of cold sterile water and
recentrifuged. The resulting cell pellet was resuspended in 20 ml sterile 10%
(w/v) aqueous glycerol and centrifuged again. This pellet was resuspended in 2-3
ml sterile 10% glycerol to obtain a final cell concentration of at least 3 x 1010
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cells/ml. This cell suspension was either used immediately or frozen in aliquots
in a dry ice-ethanol bath, and stored at -70° C for use within the next year.
Competent cells were gently thawed at room temperature and placed on ice
immediately. A 40 pi aliquot of the competent cells was transferred to a 1.5 ml
polypropylene micro-centrifuge tube. Approximately 1 pg of plasmid DNA (1-5 pi
volume in a low salt buffer) was mixed with the competent cells. Excessive salt
in the DNA will cause arcing during electorporation at high voltage settings. The
DNA-cell suspension was kept on ice for at least 1 min before electroporation.
The DNA-cell suspension mixture was transferred to a pre-chilled electroporation
cuvette (0.2 cm, Bio-Rad) and electroporated (Gene-Pulser, Bio-Rad
Laboratories, Richmond, California). Settings: 25 microfarads (pF) capacitance
2.5 kV, 200 ohms (Q) resistance. The electroporation typically resulted in a pulse
of 12.5 kV/cm with a time constant of 4-5 milliseconds. Immediately after the
pulse, 1 ml of pre-warmed SOC medium (2% Bacto trytone-peptone, 0.5% Bacto
yeast extract, 10 mM sodium chloride, 2.5 mM potassium chloride, 10 mM
magnesium chloride, 10 mM magnesium sulfate and 20 mM glucose; Sambrook
et al., 1989) was added to the cuvette. The cells were transferred to a sterile
tube and incubated at 37° C (or 30° C for temperature sensitive plasmids) with
shaking at 225 rpm for at least 1 h. After the incubation, aliquots of the cell
suspension well plated on selective medium.
7. Expression of recombinant proteins
Protein expression of genes cloned in-frame to a beta-galactosidase (lacZ)
promoter on a vector containing the lacF repressor is tightly regulated and
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inducible with the lactose analog, isopropyl beta-thiogalactoside (IPTG). Proteins
from truncated and full-length aer gene constructs cloned into the pProEXHTa
(GIBCO Life Technologies, Gaithesburg, Maryland) and pTrc99A (Pharmacia)
vectors were induced to desired levels with varying amounts of IPTG.
Transformants were initially screened for optimal protein expression. Several
single colonies were separately inoculated into 5 ml of LB medium containing the
appropriate antibiotics. Colonies were grown at 37° C with vigorous shaking as
previously described to O.D.eoo = 0.4. At this point, half of the culture was
transferred to a new sterile culture tube. Protein expression was induced in one
half of the cultures by adding 1 mM IPTG, while the other half was not induced.
Following incubation at 37° C with vigorous shaking for another three h, aliquots
of the cell culture were assayed for protein expression on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot (described in
Protein Methods section).
H. Gene-replacement: Allelic exchange with a temperature-sensitive plasmid
1. Background
An ideal way to characterize the phenotypic effect of a new gene is to delete
or replace the chromosomal wild type gene with the mutant allele. A new method
for generating deletions and gene replacements in E. co//was developed in 1989
in the laboratory of Sidney Kushner (University of Georgia, Athens, Georgia).
Kushner’s rapid and simple technique involves homologous recombination
between a gene on the chromosome and homologous sequences carried on a
plasmid (Hamilton et al., 1989). The elegance and effectiveness of this
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procedure is derived from the use of a temperature-sensitive pSC101 replicon
that facilitates gene replacement in response to growth temperature (HashimotoGotoh and Sekiguchi, 1977). Gene replacment was enhanced by including the B.
subtilis sacB gene on the temperature-sensitive vector, pK03 (Link et al., 1997).
At 30° C (permissive temperature), the plasmid replicates but at 44° C (nonpermissive temperature) the pK03 vector integrates into the chromosome by
homologous recombination creating a tandem duplication at the non-permissive
temperature. At the non-permissive temperature, plasmid replication from the
pSC101 origin is detrimental to the host chromosome. The frequency of
cointegrate formation is correlated with the size of DNA homology present
(Hamilton et al., 1989). When homologous DNA sequences are interrupted by a
non-homologous sequence (eg. antibiotic cassette) that is the size of flanking
homology, the integration frequency depends on the size of the total homology
sequence. If non-homologous sequences were smaller than the total
homologous sequence, integration frequency resembles that of uninterrupted
sequences. Cointegrates are identified as chloramphenicol resistant colonies at
44° C. Subsequent growth of these cointegrates at 30° C leads to a second
recombination event that excises the plasmid from the chromosome and
regenerates a free plasmid in the cell. Depending on the site of the second
recombination event, the chromosome will have either undergone a gene
replacement or retained the original gene.
The sacB gene enhances the probability of identifying cells that have
undergone allelic exchange. The 8. subtilis sacB gene encodes levansucrase, an
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enzyme that catalyzes the hydrolysis of sucrose and levan elongation (Dedonder,
1966). Growth in sucrose-containing medium at permissive temperature (30° C)
leads to levan polymer accumulation which subsequently leads to cell lysis and
death in E.coli. When sucrose is absent, sacB is not harmful to E.coli, unless the
gene is overexpressed. The extent of sucrose sensitivity conferred by sacB is
strain and medium dependent (Berg and Berg, 1996). Expression of sacB is
detrimental to cells and thus cells carrying plasmids with the undesired resolution
product (original gene knockout construct) are eliminated. Thus, growing
cointegrates in LB+kanamycin+sucrose promotes the selection of gene
knockouts that have lost the pK03 plasmid. Plasmids can also be cured by
growing the cells at 44° C without antibiotic selection.
The temperature-sensitive gene replacement technique has several
applications. Large chromosomal deletions (7 kb) were generated with only 600
base pairs of flanking homologous sequences (Hamilton et al., 1989). Since the
resolved plasmid can be maintained by selection, this is a powerful technique for
identifying and deleting essential genes (Matsuyama and Mizushima, 1985). As
long as the deleted gene is complemented in trans at 30° C, essential genes can
be deleted. Deletions of essential genes will appear conditionally lethal at 44° C
due to the temperature sensitive replicon and this phenotype provides direct
evidence that a gene is essential.
2. Protocol
The pK03 vector was donated by G.M. Church, Harvard University,
Cambridge, Massachusetts. The aer-2::kan construct was excised with Xmn\
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gene + 1.2 kb kanamycin cassette) was verified by PCR and the insert
sequenced.
I. Generalized Transduction
1. Overview
Generalized P1 (P1 vir) transduction was used to introduce (i) a Atsr7021
threonine4 (Thr+) marker into CP875 (wild type) and CP938 (AnuoF-L) and (ii) a
nuoB::kan knockout into BT3342 (tsr). Donor Atsr7021Thr+ P1 was obtained
from RP5882. Prior to constructing the nuoB::kan tsr strain, a high titer of donor
phage was obtained by enriching the donor cell (AJW844) lysates in liquid and
plate cultures. The original stock of P1 wrwas obtained from Leonard Bullas
(Loma Linda University, Loma Linda, California).
2. Donor phage isolation
2.1. Enrichment in liquid culture
An overnight culture of the donor strain (RP5882, Atsr7021) was inoculated
(1:100) into fresh LB and grown at 37° C with vigorous shaking to O.D.eoo ^ 0.1.
Approximately 100 to 500 pi P1 stock (low titer) and 100 pi of 1 M CaCL (10mM
final concentration) was added to the cells. The cells were incubated overnight
(10-16 h) at 37° C with gentle shaking (100-150 rpm). Vigorous shaking shears
phage tail fibers required for adhering to host cells. However, cells require
aeration for growth, so a moderate setting was used.
The next morning, cells were centrifuged at 6000 x g for 40 min (AccuSpin
FR, Beckman) in sterile Falcon tubes. A firm cell pellet was obtained and the
supernatant was promptly transferred to a sterile bottle or Fisher polypropylene
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tube. The supernatant contained P1 liberated from cell lysates. Bacterial growth
was arrested by adding 100 pi chloroform to the P1, and incubating the stock at
42° C for 2 h. The mouth of the tube or bottle containing P1 was subsequently
sealed and stored at 4° C. Serial dilutions of P1 were used to titer the strain. The
donor or recipient strain was grown to O.D.eoo = 0.2 in LB-CaCI2 (10 mM) with the
appropriate antibiotic. 500 pi of the culture and 100 pi of the P1 dilution was
mixed with 2.5 ml warm top agar, poured onto freshly prepared LB-CaCb plates
and allowed to harden. The plate was incubated right side up at 37° C overnight.
The plaque forming unit per ml (pfu/ml), was calculated as follows: (#plaques)
(dilution factor)/ amount added to plate = pfu/ml. For example, (100 plaques)
(106 dilution) /0.01 ml spotted = 1x1010 pfu/ml. If the pfu/ml was <_1 x 108, then
the stock was enriched with the plate culture method.
2.2. Enrichment in plate culture
The donor strain (RP5882, Atsr7021) was grown to O.D.eoo = 0.5 in 10 ml LBCaCI2 containing the appropriate antibiotic. The mid-logarithmic phase culture
was infected with 100 to 500 pi P1. The culture was incubated at 37° C for 1-2 h
without any shaking. Then, 500 pi of the culture was added to 2.5 ml of warm top
agar (0.7% Bacto Agar, 5 mM CaCI2 at 40-50° C) and poured onto freshly made
thick LB-CaCI2 (5 mM) plates. Several plates were prepared in parallel. The
plates were incubated, right side up, at 37° C for 10-16 h.
One ml LB media was added to the plate surface to soften the top agar layer.
The top agar was scraped from the plates and transferred to a sterile Corex tube.
Chloroform (100 pi) was added and the lysates were vortexed for 30 seconds.
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P1 was isolated in the supernatant, chloroform added and stored as described
above.
2.3. Transduction
The Atsr7021-Thr+ marker from RP5882 was transduced into isogenic CP875
{tsr+thr), CP938 {nuo tsr+ thr) and BT3343 {nuo aertsr+ thr) strains to generate
tsr, nuo ter and nuo aer ter derivatives. Recipient stains were donated by Alan
Wolfe (Loyola University, Maywood Illinois). The recipient cells were grown in 5
ml LB-CaCb to O.D.eoo = 0.4 at 37° C and P1 was added (final concentration, 107
pfu/5ml for a multiplicity of infection (m.o.i.) of 0.1). After incubation at 37° C for
30 min with very gentle shaking (< 100 rpm) the cells were centrifuged in sterile
Corex tubes at 9000 rpm in a Sorvall SS34 rotor for 15 min. The supernatant
was discarded. The cell pellet was rinsed twice in 5 ml 0.1 M sodium citrate
buffer (pH 7.0) and resuspended in 50 pi citrate buffer. Cells were plated on H1
plates supplemented with thiamine, histidine, methionine, and leucine.
Transductants were selected for growth without added threonine and screened
for the lack of an outer serine ring on tryptone swarm plates containing 0.1 %
citrate. The plates were incubated at 37° C for 36-48 h.
CP938 cells (nuoF-L) do not form an aspartate ring when Tsr is present.
However for reasons yet unknown, the aspartate ring is restored when Tsr is
deleted (Prup et al., 1994). All transductants were screened for the lack of the
outer serine ring and the presence of the inner aspartate ring and the Tsrphenotype was confirmed by temporal responses to 10 pM serine.
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Phage was cured from transductants by serial growth on citrate. Curing was
verified by testing for P1 sensitivity. A 30 |il aliquot of P1 was streaked across the
center of a LB- CaC^ (5 mM). The P1 streak was allowed to adsorb into the
plate. A loopful of transductant cells was streaked across the P1 streak;
approximately 6-7 colonies and a control were tested per plate. P1-sensitive
transductants were lysed by the P1 streak, forming plaques. P1-sensitive
isolates were stored at -80° C.
J. Yeast two hybrid assay
1. Matchmaker Two-Hybrid System
The Matchmaker Two-Hybrid System (Clonetech Laboratories Inc., Palo Alto,
California) was used to screen an entire E.co//genomic library of AD-fusions for
potential interactions with different Aer-BD vectors. This system has a dual
reporter assay for HIS3 and lacZ expression under the control of a GAL4responsive UAS. The kit includes the AD-library vectors (pGADIO), the BDvector (pGBT9) and the Y190 yeast strain. The binding-domain and activation
domains comprise residues 1-147 and 768-881, respectively of the GAL4 protein.
A full description of the vectors and strain can be accessed at
http://www.clonetech.com.
Fragments from the E.coli cDNA library were ligated to oligo(dT) linkers and
fused to pGADIO (AD domain vector) according to a modified procedure of
Gubler and Hoffman, (1983). The Matchmaker Library was made with smaller
inserts to avoid AD fusion proteins that cannot localize to the nucleus or those
that localize to other organelles (Fritz and Green, 1992; Fields and Sternglanz,
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1994). The AD fusion plasmids encoding the E.co//cDNA library were
transformed into DH5a cells and a stock of these cells was provided with the
Matchmaker Kit. The number of independent clones in the library was estimated
to be 1 x106and represents the complete genomic DNA. Prior to library
screening, the plasmids were amplified and the titer calculated to estimate the
number of colony forming units per ml of library culture.
The Y190 yeast strain encodes an intact GAL1 DAS and supports higher lacZ
expression that facilitates the identification of weakly interacting proteins. The
Y190 yeast strain was provided as a saturated culture in YPD medium/25%
glycerol frozen stock. The Y190 strain contains the ade2-101 mutation, which
confers a pink colony color after several days of growth. Normal Y190 colonies
grow to >2 mm in diameter while spontaneous mutants that have lost
mitochondrial function only form small (<1 mm) white colonies (Holm, 1993). The
frozen stock was streaked on YPD plates, incubated at 30° C for 3 days and a
single pink colony was subcultured in YPD liquid media.
The Y190 strain (trp' leu) requires tryptophan and leucine as auxotrophic
nutrients. Y190 is leaky for HIS3 expression and in the absence of 3-AT (a
competitive inhibitor of the yeast HIS3 protein), it grows normally on SD media
lacking histidine. The lowest concentration of 3-AT (25 mM) that suppresed
leaky HIS3 expression was added to SD media lacking histidine.
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2. Protocol
2.1. DNA-Binding Domain Constructs
Different Aer domains were fused in-frame (at the EcoRI and Pst\ sites) to the
BD in pGBT9. Aer sequences were amplified from the pGH1 plasmid with the
following set of upstream (EcoRI site) and downstream (Pst\ site) primers
(restriction sites are underlined) to construct pAR1 (BD-Aer-i-soe), pAR2 (BD-Aer-i.
231), pAR3 (BD-Aer-Mee) and pAR4 (BD-Aeri54-500)■
EcoRI Aer: 5’GCCGGAATTCATGTCTTCTCATCCGTATGTCACCCAG3’
EcoRI C: 5’GCCGGAATTCATGGGTAAACTGCCTTCATTACCGCTTCG3’
Pstl Aer: 5’AAAAACTGCAGTTAATGCAGTACCGTCACCGCGTCTTCC3’
Pstl N: 5’AAAACTGCAGTTACTCAACACTATTACGTTCTCCGGTCG3’
Pstl sol: 5’ AAAAACTGCAGTTAACGCGCCCGCCAGCGAAGCGGTAA3’

All constructs were verified by restriction digest and DNA sequencing with the
following GAL4 BD sequencing primer: 5TCATCGGAAGAGAGTAG3’ (prepared
by Center for Molecular Biology and Gene Therapy, Loma Linda University). The
full-length aer gene (1-506) was amplified with the EcoRI Aer and Pst\ Aer
upstream and downstream primers, respectively. The N-terminus,
transmembrane and adjacent amphipathic sequence (1-231) of Aer was
amplified with the EcoRI Aer and Pstl N primers. The soluble N-terminus of Aer
(1-166) was amplified with the EcoRI Aer and Pstl sol primers. A portion of the
N-terminus to the end of the aer gene (154-506) was amplified with the EcoRI C
and Pstl Aer primers. E.coli and yeast transformants containing the BD
constructs were maintained in media containing ampicillin or, synthetic dropout
media lacking tryptophan, respectively. The nuclear localization sequences that
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are an intrinsic part of the GAL4-BD targeted hybrid proteins to the yeast nucleus
(Silver et al.t 1984).
2.2. Activation Domain Library: Titering and Amplification
An aliquot of the frozen library stock was thawed and 1 pi was added to 1 ml
LB (1:103 dilution, tube A). 1 pi from tube A was removed and added to another
tube containing 1 ml LB (1:106 dilution, tube B). 1 pi from tube A was also added
to 50 pi of LB, mixed gently and spread onto a pre-warmed LB plate containing
ampicillin. 50 and 100 pi aliquots were removed from tube B and spread onto
separate ampicillin plates. The plates were incubated at 37° C for 12 h. The
number of colonies on each plate/dilution were counted to determine the titer
(colony forming units/mi or cfu/ml) according to the following equation: (colony #
from dilution B/ plating volume)x103x103x103=cfu/mi
The calculated titer was 1.37x1019 cfu/ml.
The pre-made Matchmaker Library was amplified to obtain enough plasmid
for library screening. Between 100 pg and 500 pg of plasmid DNA is needed to
screen 1x106 independent clones. The Clonetech protocol recommends that 100
to 150 150 mm plates with 20,000-50,000 colonies per plate should be prepared,
in order to obtain at least 2-3 X the number of independent clones in the library
(1 x106). The protocol also recommends that the library should be amplified on
solid media rather than liquid to minimize uneven amplification of individual
clones. Based on this protocol, I calculated that approximately 240 100 mm
plates are needed.
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Three microliters of the library stock was added to 5 ml LB containing
ampicillin and mixed gently. A 40 pi aliquot of this cell suspension was spread
onto approximately 420 100 mm plates and incubated overnight at 37° C. The
colonies were scraped from the plates and added to 5 L ampicillin containing LB
broth. The dense cell culture was incubated at 37° C for 2-4 h with vigorous
shaking (200 rpm). The cells were harvested by centrifugation (10,000 x g for 15
min) and stored in the -80° C freezer as 500 ml cell pellet aliquots for future
plasmid preparation. Plasmids were isolated from a cell pellet with the Qiagen
Mega Prep kit when needed for the library screen.
2.3. Controls
Prior to performing the library screen, I determined whether the different bait
vectors or the AD vector autonomously activated the reporter genes. Yeast cells
transformed with pAR1, pAR2, pAR3, pAR4 or the AD vector were plated onto
SD media lacking Leu, Trp and His and incubated at 30° C for an entire week.
No colonies were observed on any of the plates. Cells were plated on SD media
without Trp or Leu to confirm transformation.
2.4. Transformation of yeast cells
The. efficiency of co-transforming the BD and AD plasmids into yeast
competent cells was calculated to optimize the number of independent clones
screened. A range of AD and BD vector quantities were used to determine the
co-transformation efficiency in terms of the total DNA used. Bait and prey vectors
were added as a 2:1 molar ratio of BD:AD DNA as follows: 0.1 pg AD+0.2 pg BD,
0.25pg AD+0.5 |ig BD, 0.35 pg AD+0.7 jiig BD and 0.5 pg AD +1pg BD.
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Co-transformation efficiency was calculated in terms of cfu/j^g DNA with the
following equation:
(cfu x

suspension vol) / (pi plated x dilution factor x pg DNA) = cfu/pg DNA

The pg DNA used refers to the amount of limiting plasmid, not the total amount of
plasmid. When 0.5 pg of AD/prey vector was used, the co-transformation
efficiency was between 12,000-40,000 cfu/pg DNA and 6000-20,000
independent library clones are screened. In order to screen an entire library (106
clones), 25 pg AD vector and 50 pg BD vector was used.
Yeast competent cells were prepared and the co-transformation carried out
as described in the BIO101 Alkali Cation Yeast Transformation Kit (BIO101 Inc.,
La Jolla, California) and Ito et al., (1983). Interactions between AD and the pAR2
and pAR3 constructs were tested in a small-scale transformation with 5 ml
competent cells. Interactions between pAR1 and AD vectors were tested in a
library scale transformation. The amount of cells and DNA used was scaled up
according the calculated transformation efficiency.
For a small-scale transformation, a single Y190 yeast colony (from YPD plate)
was inoculated in 50 ml of YPD liquid broth and incubated at 30° C for 12 hours.
The overnight culture was added to 50 ml fresh YPD broth. The cells were
grown at 30° C with vigorous shaking (200 rpm) for 4 h to reach a final O.D.eoo =
0.67 (3x107 cells/ml). The cells were centrifuged at 400 x g (Beckman GS-6R
centrifuge) for 5 min. The pellet was washed twice in 5ml Tris-EDTA pH 7.5,
resuspended in 2.5 ml lithium/cesium acetate solution and incubated at 30° C for
30 min with gentle shaking (80 rpm). After incubation, cells were centrifuged as
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described above and the cell pellet was resuspended in 500 pi TE, pH 7.5. After
this step, the yeast cells are competent and were placed on ice and used within a
few hours.
In a 1.5 ml microcentrifuge tube, the following were combined for
transformation: 100 pi competent yeast cells, 5 pi salmon sperm carrier DMA, 5
pi histamine solution and 0.1-1.5 pg plasmid DMA (BD and AD). Bait and prey
vectors were added as a 2:1 molar ratio of BD:AD DMA. All components were
mixed gently and incubated at 30° C for 15 min. In five separate tubes, 0.8 ml
polyethelyne glycol (PEG) and 0.2 ml TE/Cation MIXX™ were combined. The
transformation reaction was added to each tube and mixed gently with pipetting.
The reaction was incubated at 30° C for 10 min, heat shocked at 42° C for 10 min
and cooled to 30° C. The cell pellet was isolated by centrifuging the reaction in a
table top centrifuge (Eppendorf) at 21,000 x g for 5 seconds. The supernatant
was promptly removed and the cell pellet resuspended in 200 pi SOS. The cells
were plated on SD media lacking Trp and Leu to select for both plasmids (BD,
Trp+; AD, Leu+). One hundred microliters of the transformation reaction was
plated as 1:10 and 1:100 dilutions. A control transformation (no DMA) was also
plated onto SD media lacking Trp and Leu. All plates were incubated at 30° C for
48 h.
For a library transformation, a single Y190 colony was inoculated in 100 ml
YPD and grown at 30° C with vigorous shaking (200 rpm) for 12 h. The overnight
culture was added to 2 L fresh YPD and grown at 30° C with vigorous shaking to
O.D.eoo = 0.74. The cells were centrifuged at 400 x g for 5 min. The pellet was
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resuspended in 200 ml TE, pH 7.5 and washed twice. After washing, the cell
pellet was resuspended in 10 ml lithium/cesium acetate and incubated at 30° C
with gentle shaking (80 rpm). After incubation, the cells were centrifuged as
described above and resuspended in 20 ml TE, pH 7.5. The competent cells
were divided into four 5 ml aliquots in polypropylene tubes for separate
transformation reactions.
To each 5 ml aliquot of competent cells, 50 pg pAR1,25 pg AD, 250 pi
salmon sperm DMA and 250 pi histamine was added. The reaction mix was
incubated at 30° C for 20 min with gentle shaking. Transformation and heat
shock was carried out as described earlier, and the amount of PEG/TE/Cation
MIXX scaled up according to the volume of competent cells. After heat shock, the
cells were centrifuged at 1000 x g for 5 min and each cell pellet was
resuspended in 10 ml SOS. Cells were plated onto sixty 100 mm and twentyseven 150 mm SD plates containing 25 mM 3-AT and lacking Trp, Leu and His.
Approximately 200 pi and 600 pi were spread on the 100 mm and 150 mm
plates, respectively. In addition, 1:10 and 1:100 dilutions (in 300 pi total volume)
were plated on SD lacking Trp or Leu or both Trp and Leu. The plates were
incubated at 30° C for 48 h and Trp+ Leu+ His+ transformants were screened for
p-galactosidase activity.
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2.5. LacZ (p-galactosidase) Assay
The transformants were screened for lacZ expression by assaying pgalactosidase (p-gal) with a colony-lift filter assay according to Breeden and
Nasmyth (1985) and the Clonetech manual. A p-gal positive control plasmid
which encodes the full-length wild type GAL4 protein (pCL1, donated by John
Rossi, City of Hope Cancer Institute, Duarte, California) and a negative control
(pAR1 alone) were assayed in parallel with the transformants.
Z-buffer (16.1 g/L sodium diphosphate, 5.5 g/L sodium monophosphate, 0.75
g/L potassium chloride, 0.246 g/L magnesium sulfate, pH 7.0, autoclaved) and
X-gal stock solution (10 mg of 5-bromo-4-chloro-3-indoyl-p-D-galactopyranoside
in 100 pi N,N-dimethylformamide; stored in dark at -20° C) were prepared on the
day of the assay. Z-buffer (10 ml), p-mercaptoethanol (27 pi) and X-gal stock
solution (100 pi) were mixed together and placed in a 37° C water bath.
Whatman #5 filter paper (VWR; 125mm filters) was cut to fit into empty 100 mm
petri dishes. Colonies were lifted onto supported nitrocellulose (Gelman
Sciences, Ann Arbor, Michigan) and freeze cracked in liquid nitrogen or at -80° C
for 20 min. The reaction was carried out for 30 min to several hours, to observe
changes in colony color. The positive control plasmid (pCL1) turned blue within
30-60 min. Prolonged incubation (greater than 8 h) led to false positives. HIS3+
transformants that turned blue were re-streaked onto SD plates lacking Trp and
Leu and re-assayed to confirm the result.
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K. Protein biochemistry techniques
1. Cell fractionation and membrane isolation
Plasmid constructs expressing Aer or GroESL chaperonins were
electroporated into recipient strains. Transformed cells were grown in 600 ml LB
supplemented with 100 pg/ml ampicillin at 30° C with vigorous shaking.
BL21(DE3) cells carrying both pT-GroE and Aer were grown in LB containing
ampicillin (100 pg/ml) and chloramphenicol (25 pg/ml). At mid-log phase, the
cells were divided into 2 1 L flasks, protein expression was induced in one of the
flasks by adding 1 mM IPTG and cells were grown for an additional 3 h. Cells
were harvested post-induction by centrifuging at 10,000 x g (Sorvall) for 15 min.
Each cell pellet was resuspended in 2 ml lysis buffer (40 mM Tris-HCI pH 8.0
containing 1 mM PMSF, 1 pg/ml leupeptin, 1 pg/ml benzamidine, 1 pg/ml
pepstatin and 5 pg/ml aprotonin). Cell pellets were lysed with five cycles of
freeze thaw and three rounds of sonication (40% duty cycle, 30 s pulse, output
control pulse of 4) on a Branson Sonifier Cell Disrupter 200. Cell lysates were
centrifuged at 12000 x g for 20 min (low speed spin) on a Sorvall RC2-B
centrifuge (GS-3 rotor, Dupont Instruments, Newton, Connecticut) to pellet
inclusion bodies and unbroken cells. The supernatant was centrifuged at
480,000 x g for 20 min (high speed spin) at 4° C in a Beckman XL90
ultracentrifuge (60Ti rotor) to sediment membranes. Membranes were frozen at
-80° C for future use or resuspended in 2 ml water. Membranes were separated
on SDS-PAGE, transferred to nitrocellulose and probed with anti-sera raised
against the N-terminus peptide (Aer2-166)- Protein expression in membrane

120

fractions was quantified by comparing band densities with a standard amount of
purified Aer6xhis2-166 protein. Total membrane protein concentration was
measured by the Bradford assay.
In order to assay the effect of different salt or detergent washes on peptide
solubility, the membranes were washed in 1 ml lysis buffer containing either 2 M
sodium chloride, 1 % octylglucoside or 2% Triton X-100. Membranes were
homogenized in buffer containing salt or detergent to evenly disperse the pellet.
Homogenized membranes resuspended in Triton X-100 were incubated in an ice
bath with gentle shaking for 30 min prior to centrifugation. The homogenized
pellet suspension was centrifuged at 480,000 x g to pellet insoluble material.
The supernatant and pellet were analyzed using SDS-PAGE and Western blot as
described below.
2. SDS-polyacrylamide gel electrophoresis
One dimensional Tris-tricine SDS-PAGE of proteins was performed according
to Schagger and von Jagow (1987). Protein samples were dissolved in an equal
volume of 2 X electrophoresis sample buffer containing 0.125 M Tris-HCI pH 6.8,
20% glycerol, 4% SDS, 0.006% bromophenol blue and 20 pi betamercaptoethanol / ml buffer. Protein samples isolated from whole cells (pellet
from 1 ml cells after centrifuging at 14,000 x g for 1 min) were resuspended in
250 pi of 2 X electrophoresis buffer containing beta-mercaptoethanol. The
samples were placed in a boiling water bath for 3 to 5 min prior to loading. A 5 pi
aliquot of pre-stained low molecular weight standards (BioRad Laboratories,
Richmond, California) was also separated on each gel.
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Samples were separated on 10 cm x 8 cm 12.5% Tris-tricine polyacrylamide
separating gel with 5% stacking gel in a BioRad Mini Protean Gel Apparatus
(Richmond, California). Separating gel: 1.67 ml of 30.2% acrylamide (29.28%
wt/vol acrylamide, 0.915% wt/wt bis-acrylamide), 3.33 ml of gel buffer (1.5 M Tris,
0.15% SDS, 20% glycerol pH 8.45), 25 \i\ of 10% ammonium persulfate and 2.5
fil of TEMED; stacking gel: 273 pi of 30.2% acrylamide stock, 1.034 ml gel buffer,
770 pi water, 16.7 pi ammonium persulfate, 1.67 pi TEMED; anode buffer: 0.2 M
Tris, pH 8.9; cathode buffer: 0.1 M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.25. Gels
were run with a constant current of 30 milliamps per gel (until the pre-stained
molecular weight standards clearly separated) from a Hoefer PS500XT power
supply (Hoefer Scientific Instruments, San Francisco, California).
Following electrophoresis, gels were either stained or transferred onto
nitrocellulose for western blot analysis. Gels were stained with coomassie
brilliant blue staining solution (0.25% coomassie brilliant blue, 45.4% methanol,
9.2% glacial acetic acid) for 30 min and destained with 45.4% methanol, 9.2%
glacial acetic acid (Weber and Osborne, 1969). For western blot, gels were
transferred onto nitrocellulose (BioTrace®NT, Gelman Sciences, Ann Arbor,
Michigan) by preparing a sandwich consisting of the gel slice on top of the
nitrocellulose with 3 layers of pre-wetted Whatman filter paper forming the
“bread” on both sides (Towbin et al., 1979). The nitrocellulose was pre
equilibrated by soaking in transfer buffer (12 mM Tris, 96 mM glycine, 10%
methanol, pH 8.2) for 2 min. Protein was transferred to nitrocellulose in a
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TransBIot semi-dry transfer apparatus (BioRad Laboratories, Richmond
California) at 15 V for 25 min.
3. Western blot assay
Aer protein transferred to nitrocellulose was detected with rabbit antibody
specific for the N-terminus peptide (Aer6xhis2-166) prepared by Zymed
Technologies (San Francisco, California). After transfer, the nitrocellulose was
blocked with 5% wt/vol milk (Carnation non-fat dried milk) in Iris buffered saline
Tween20® (TBST) buffer (25 mM Iris, 0.15 M sodium chloride, 0.05% Tween
20, pH 7.6). After blocking, the membrane was washed thrice for 10 min with
vigorous shaking with 15 ml TBST on an orbital shaker.
The blot was incubated with the rabbit anti-Aer6xhis2-i66 antibody for 1 h at
1:100,000 dilution in TBST buffer with rapid shaking on an orbital shaker. After
primary antibody incubation, the blot was washed thoroughly with TBST as
described previously. After washing, the blot was incubated with 1:5000 dilution
of the secondary antibody: goat anti-rabbit IgG H+L horseradish peroxidase
conjugated antibody (donated by Guiseppe Molinaro; manufactured by BioRad
Laboratories, Richmond, California). After the incubation, the blot was washed
thoroughly as described previously.
After the last wash, the blot was rinsed and placed in a clean container for
detection. Horseradish peroxidase was enzymatically reacted with equal
volumes of luminol and horseradish peroxide (SuperSignal Chemiluminescent
Substrate Detection reagents, Pierce Chemical Co., Rockford, Illinois). The blot
was removed from the detection reagents and wrapped in Saran Wrap avoiding
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air pockets and wrinkles. The enveloped blot was placed against Kodak
scientific Imaging BioMax ML film in a dark room and exposed for varying
amounts of time.
4. Bradford assay
Protein concentration was determined spectrophotometrically at A595nm by
the Bradford assay (Bradford, 1976) on a spectrophotometer (Model DU650,
Beckman Instruments Inc., Fullerton, California). Bovine serum albumin
(Fraction V, electrophoresis grade, Sigma Chemicals) was used as a standard.
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ABSTRACT
We identified a protein, Aer, as a signal transducer that senses intracellular
energy levels rather than the external environment and that transduces signals
for aerotaxis (taxis to oxygen) and other energy-dependent behavioral responses
in Escherichia coli. Domains in Aer are similar to the signaling domain in
chemotaxis receptors and the putative oxygen-sensing domain of some
transcriptional activators. A putative FAD-binding site in the N-terminal domain of
Aer shares a consensus sequence with the NifL, Bat and Wc-1 signal
transducing proteins that regulate gene expression in response to redox
changes, oxygen and blue light, respectively. A double mutant deficient in aer
and tsr, which codes for the serine chemoreceptor, was negative for aerotaxis,
redox taxis and glycerol taxis, each of which requires the proton motive force
and/or electron transport system for signaling. We propose that Aer and Tsr
sense the proton motive force or cellular redox state, and thereby integrate
diverse signals that guide E. coli to environments where maximal energy is
available for growth.
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INTRODUCTION
In an environment where oxygen is being depleted by growing bacteria,
aerotaxis quickly moves Escherichia coli and Salmonella typhimurium to a more
favorable microenvironment before anoxia develops (1). Aerotaxis, the
behavioral response to oxygen, requires a functional electron transport system
(2). Oxygen stimulates electron transport through the electron transport system,
increasing the proton motive force (2,3). A postulated aerotaxis-transducing
protein responds to the increase in electron transport/proton motive force and
initiates a signal for the behavioral response to oxygen (3-6). Chemicals other
than oxygen that stimulate electron transport also elicit an aerotaxis-like
behavioral response in bacteria (5,7,8). The aerotaxis transducer may mediate
other types of bacterial behavior, such as the newly described taxis to a preferred
redox potential (9) and energy taxis to carbon sources, such as glycerol (10) or
proline (11). Each of these behaviors involves modulation of the proton motive
force and electron transport as the initial sensory transduction event (3).
The aerotaxis sensory transduction pathway includes three proteins that
are common to the chemotaxis pathway: the CheA sensor kinase, CheY cognate
response regulator and CheW docking protein (12). The methyl-accepting
chemotaxis receptors, Tsr, Tar, Trg, and Tap (13-15) span the cytoplasmic
membrane and have a highly conserved signaling sequence in the C-terminal
cytoplasmic domain that binds CheA and CheW. Repellent binding to a
chemotaxis receptor induces a conformational change in the signaling domain
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that increases the rate of CheA autophosphoryiation. The phosphoryl residue
from CheA is transferred to CheY, which, in its phosphorylated state, binds to a
switch on the flagellar motors and signals a reversal of the direction of rotation of
the flagella. Evidence that CheA, CheW and CheY are also part of the aerotaxis
response (12) led us to propose that the aerotaxis transducer would have (/) a-Cterminal domain homologous to the chemoreceptor signaling domain that
modulates CheA autophosphoryiation and (//) a domain that senses oxygen. We
have identified a putative aerotaxis transducer in a computerized search of
protein databases and confirmed that this protein, which we named “Aer”,
functions as a transducer for aerotaxis and related responses. We also present
evidence that, in addition to Aer, the serine chemoreceptor Tsr functions as an
independent transducer for aerotaxis and related responses. A preliminary
report of these findings was presented at the Annual Meeting of the American
Society for Biochemistry and Molecular Biology, 1996 (16).

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions.
The strains and plasmids used are listed in Table 1. Cells were grown in LuriaBertani medium containing 1

jiM

thiamine at 35°C to OD6oo=: 0.45-0.50, unless

specified otherwise.
Construction of Mutants.
A 1.2-kb kanamycin cassette excised from pMB2190 (a derivative of pUC4K
obtained from P. Matsumura, University of Illinois, Chicago) using Mine II was
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Table 1. Strains and plasmids used in this study.
Strains/
plasmids
Strains

Relevant Genotype

Source / reference

MM335

wild type

(17)

RP437

wildtype

(18)

GK100

A cyo A cyd

(19)

RP5882

A (tsr) 7021

(20)

BT3300

MM335 aer-2::kan

This study

BT3309

RP437 aer-2::kan

This study

BT3310

BT3309/pGH1 (Aer++)

This study

BT3360

MM335/pGH1 (Aer++)

This study

BT3311

aer-2::kan A tsr

This study

BT3313

BT3311/pJL3 (Tsr++)

This study

pK03

rep pSC101 (fs) sacB

G.M. Church*

pTrc99A

Pfac lacF

pGH1

pTrc99A aer +

This study

pJL3

Pfac/ac/9 tsr +

(22)

Plasmids

Pharmacia and (21)

*Harvard University, Cambridge, MA
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ligated into pGH1 at the Sma I site (nt 349) of aer. The aer-2::kan construct was
excised with Xmn I and Ehe I and ligated into the Sma I site of the temperature
sensitive plasmid, pK03 (kindly provided by G. M. Church, Harvard University,
Cambridge, MA). Mutants defective for aer were generated by allelic exchange
as described by Hamilton et al. (23) and modified by Link (24). The pK03 vector
contains a B. subtilis sacB gene which inhibits E. coli growth in the presence of
sucrose and facilitates the selection of cells that have lost the vector sequence.
Gene replacement was verified by the polymerase chain reaction (PCR) using
Expand Long Taq Polymerase (Boehringer Mannheim)(25) and Southern blot
analysis of the transformants. The absence of fusion products was confirmed by
sequencing the inactivated gene.
The aer fsr double mutant, BT3311, was generated by P1 transduction of a thr+
Afsr-7021 fragment from RP5882 into BT3309 (aer-2) recipient cells and selecting for
threonine+ transductants. Colonies that lacked serine taxis on LB semisoft agar were
further characterized by temporal chemotaxis assays.
Overexpression of Aer and Tsr.
The expression vector pGH1 was constructed by subcloning a 1.5-kb Afl\\\-Sal\
PCR fragment containing the aer gene into the A/col and Sa/I sites of pTrc99A
and was verified by sequencing. pGH1 was introduced into BT3309 cells by
electroporation, and induced with varying amounts of isopropylthiogalactoside
(IPTG).
The plasmid pJL3 (22) containing the laclq repressor gene and the fsr gene under
Pfac control was electroporated into BT3311. The transformants were selected on LB
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medium containing ampicillin (60 pg/ml), grown in the presence of ampicillin, and Tsr
overproduction was induced with 25 pM IPTG.
Behavioral assays.
Spatial and temporal gradient assays were used to assess aerotaxis, redox taxis
and taxis toward glycerol. For the spatial aerotaxis assay, cells were loaded into
an optically flat capillary and formation of an aerotactic band of bacteria near the
air-liquid interface was observed and video recorded using a dark-field video
microscope (26). To quantitate the aerotactic response, a temporal assay for
aerotaxis (2) was timed either by inspection or by computerized motion analysis,
as described previously (26). Video images of free-swimming bacterial cells
were digitized at 10 frames per second using a VP110 video processor (Motion
Analysis, Santa Rosa, CA). Tumbling frequency was determined using a
program based on

expertvision

software (27).

Chemotaxis to glycerol was determined on glycerol (1 mM) H1 minimal swarm
plates and in a temporal assay (10,28). Redox taxis was monitored as a repellent
response to 2, 3-dimethoxy-5-methyl 1,4-benzoquinone in a temporal assay (9).
Measurement of Oxygen Concentration.
Respiration rates of bacterial suspensions were measured using a Clark-type
electrode and an oxygen monitor (Yellow Springs Instruments, OH) that was
connected to a MacLab MKIII data recording system (Analog Digital Instruments,
Milford, MA).
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Database Searches and Sequence Analysis.
A search of combined protein databases was performed using a

blastp

program (29).

The highly conserved domain of Tsr (residues 371-400) that is present in the C
terminus of all chemotaxis receptors (30) was used as a query. Transmembrane
regions were identified using the tmap program (31). Multiple alignments of protein
sequences were accomplished using the

clustal w

program (32).

RESULTS
Identification and Sequence Analysis of the aer Gene.
An ORF (ORF506) at 69.1 min on the E.coli chromosome was sequenced by the
Blattner group in the E. coli Genome Project and deposited in the GenBank
database (accession no. U28379). The sequence is currently listed as
AIR_ECOLI in the SwissProt database (accession no. P50466). Transcription of
the ORF506 gene is independent of the flanking ygjG and yqjl genes. The
computerized search revealed that the putative product of the ORF506 was a
506-residue protein that had a predicted C-terminal segment with 96.7% identity
to a highly conserved domain of Tsr (Fig. 1C). The N-terminal domain of the
ORF506 protein (residues 8 to 129) shares homology with domains in the NifL
protein of Azotobacter vinelandii (28% identity, 52% similarity), the Bat protein of
Halobacterium salinarium (22% identity, 54% similarity), and the White Collar-1
protein of Neurospora crassa (19% identitiy, 37% similarity) (Fig. '\A). Both NifL
and Bat are known oxygen sensors. In response to oxygen, the NifL protein
regulates expression of nitrogen fixation genes (33), and the Bat protein
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Fig. 1. The domain structure of the Aer protein in E.coli
and comparison of its deduced amino acid sequence to
homologous proteins. Similar residues are highlighted;
identical residues are in bold. (A) Multiple alignment of the
N-terminal domian of Aer with homologous domains of
three related proteins, NifL from A. vinelandii, Bat from H.
salinarum, and Wc-1 from N. crassa. (B) Alignment of the
transmembrane region of Aer with the transmembrane
regions (TM1 and TM2) of Tsr. Three positively charged
residues (+) and the amphipathic sequence (AS) adjacent
to the transmembrane regions of the Tsr protein are
indicated. (C) Alignment of the C-terminal domains of Aer
and Tsr. Methylated regions, K1 and R1, and the highly
conserved domain (HCD) are shown. The Glx-Glx
doublets corresponding to characterized methylation sites
of Tsr (37) are marked with an asterisk. See text for
details.
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regulates synthesis of bacteriorhodopsin (34). The Wc-1 protein is a central
regulator of blue light responses in Neurospora (35). Thus, ORF506 protein had
the expected domains of the putative aerotaxis transducing protein (12), and the
gene was renamed “aer” (aerotaxis and energy responses) after experimental
evidence confirmed its function.
Sequence analysis predicted that the topology of Aer in the membrane is
different from the topology of known chemotaxis receptors that transverse the
cytoplasmic membrane (TM1 and TM2) at either end of a periplasmic ligand
binding domain. Only one hydrophobic sequence (residues 167-206) was
predicted in Aer. This sequence and these flanking regions are similar to the
TM1 and TM2 transmembrane regions of Tsr (Fig. 16) but lack the intervening
periplasmic domain. Cytoplasmic sequences known to maintain the correct
orientation of TM1 and TM2 in the membrane, namely three positively charged
residues adjacent to TM1 and an amphipathic sequence adjacent to TM2 (36),
are present in Aer (Fig. 16). The similarity of the Aer hydrophobic sequence to
TM1 and TM2 and the presence of a central proline residue (Pro-186) suggest
that he hydrophobic sequence of Aer forms a tight hairpin of two transmembrane
spans. This would place the N terminus of Aer in the cytoplasm, as it is in Tsr.
The major difference between the two receptors is that the periplasmic sensing
region of Tsr is missing in Aer, and the proposed cytooplasmic N-terminal region
(residues 1-166) is a putative sensing domain in Aer but is truncated (residues 110) in Tsr.
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Aer is an Aerotaxis Signal Transducer.
The possible role of the Aer protein in aerotaxis was investigated by constructing
isogenic E. coli mutants in which the aer gene was inactivated by insertion of a
kanamycin cassette through allelic exchange. The parent (RP437) and isogenic
aer-2::kan mutant (BT3309) were examined for aerotaxis in a capillary assay
(26). In this assay, an oxygen gradient is created by the bacteria when they
consume oxygen that has diffused across the meniscus. The wild-type cells
migrated to form sharply focused aerotactic bands within 10 minutes (Fig. 2A).
The aer mutant formed a band that was further from the meniscus, indicating that
the mutant cells were attracted to a lower oxygen concentration than the wildtype cells. The band formed by the aer mutant was also more diffuse.
To quantitate the aerotactic response, we used a temporal gradient assay
that does not rely on cell respiration to form the oxygen gradient, and allows
accurate determination of adaptation times in response to an increase or
decrease in oxygen concentration (2). The temporal assays provided important
details about the aerotaxis response that were not revealed by the spatial
assays. The duration of the response of the aer-2::kan mutant to either an
increase or a decrease in oxygen concentration was about half that of the parent
(Fig. 2B, Table 2). No polar effects of the cassette insertions were expected
because the aer gene is transcribed independently, and is not located in an
operon. To verify the absence of polar effects, we tested a strain with an in
frame deletion of aer (aer-1, UU1117), obtained from Bibikov and Parkinson (38).
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Fig.2. Comparison of aerotactic behavioral responses in wild-type
and mutant strains of E.coli. (yA) Aerotaxis of E.coli RP437 and
isogenic mutants, BT3309 (aer), RP5882 (tsr), and BT3311 (aertsr)
in a spatial oxygen gradient. A capillary assay was performed as
described in Materials and Methods. Photographs were taken 10
min after the cells were placed into capillaries. The meniscus at the
air interface is visible at the right in the photographs. (B) Aerotactic
response in an aer mutant (BT3300) and its parent (MM335) in a
temporal gradient assay using computerized motion analysis as,
described in Materials and Methods. Arrows indicate addition (y )
and removal (f) of oxygen. The MM335 strain shows enhanced
aerotaxis and chemotaxis responses compared with RP437.
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Table 2. The behavioral responses of wild type and mutant strains of E. coli in temporal gradients of oxygen, a quinone
analog, glycerol and serine.
Behavioral response to stimulus and time for adaptation (s)
Strain

o

Relevant genotype 02 increase, 0-21% 02 decrease, 21-0% Glycerol, 1mM

Quinone,* 10 uM

Serine, 10 uM

51+9 (smooth) 30 + 3 (tumbly) 74 + 21 (smooth) 133 + 12 (tumbly) 113 + 14 (smooth)
RP437 Wild type
30+ 3 (smooth) 15+ 6 (tumbly)
44 + 8 (smooth) 96 + 7 (tumbly) 119 + 10 (smooth)
BT3309 aer
76+ 3 (tumbly)
>180 (smooth)
>300 (tumbly) 100 + 3 (smooth)
BT3310 aer pGH1 (Aer++)f >300 (smooth)
32 + 3 (tumbly) 52 + 2 (smooth) 185 + 48 (tumbly)
NRt
55 + 9 (smooth)
RP5882 tsr
10
+
3
(tumbly)
NR
NR
NR
NR
BT3311 aer tsr
>180 (tumbly)
>180 (smooth)
BT3313 aer ter pJL3 (Tsr**)t >180 (smooth)
29+18 (tumbly)
>180 (smooth)
Response time was measured as the time interval required for 50% of the bacteria to return to pre-stimulus behavior.
The results shown are the mean + standard deviation, calculated from two independent experiments with three replicates
in each.
2,3 dimethoxy-5-methyl 1,4 benzoquinone.
t Aer overproduction was induced with 100 uM IPTG.
$ Tsr overproduction was induced with 25 uM IPTG.
NR, no response

The aer-1 strain showed both the impaired band formation in a capillary and
decreased aerotaxis in a temporal assay that were observed with the aer-2::kan
mutant (data not shown).
To confirm the involvement of Aer in signal transduction in aerotaxis, we
quantitated the aerotactic responses of cells in which Aer was expressed from
the tightly regulated plasmid, pGH1, introduced into the aer-2::kan mutant.
Expression of Aer restored the wild-type aerotaxis phenotype, and the intensity of
aerotaxis correlated with the level of expressed Aer. In a variety of strains that
were tested, the tumbling response to an oxygen decrease (Fig. 3), and the
smooth swimming response to an oxygen increase (data not shown),
progressively lengthened when Aer was amplified by increasing amounts of
IPTG.
Aer-dependent behavioral changes were not the result of a general effect on
bacterial chemotaxis. For example, Aer overproduction did not increase the
response to 10 pM serine, mediated by the Tsr receptor (BT3310, Table 2), or
the response to 20 pM mannitol, a receptor-independent response mediated by
the phosphotransferase system (39) (data not shown). Taken together, the
results above are consistent with a role for Aer as a transducer for aerotaxis, and
also suggest that there is an additional aerotaxis transducer in E. coli. Bibikov et
al., (38) independently identified Aer as a transducer for aerotaxis in E. coli.
The Serine Chemoreceptor, Tsr, is a Second Transducer for Aerotaxis.
We investigated the characteristics of aerotactic responses that are transduced
by the unidentified second aerotaxis sensor. It was confirmed that there were no
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Fig.3. The response of E.coli to an oxygen decrease as
a function of expression of aer. Wild-type MM335 cells
transformed with pGH1 were grown to mid-log phase
(OD600 = 0.4-0.5) and induced with the indicated
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IPTG, the cells did not adapt in the 600 s that they were
observed.
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aerotaxis responses in a cyo cyd strain (GK100) that lacks the cytochrome o and
cytochrome of terminal oxidases (19). This is evidence that electron transport to
the terminal oxidase is required for both Aer-dependent aerotaxis and aerotaxis
mediated by the unidentified aerotaxis sensor.
It has been shown that aerotaxis is inverted in the cheB mutant; addition of
oxygen causes a repellent response and removal of oxygen causes an
attractant response (40). However, aerotaxis returns to normal if the tsr gene is
deleted in the cheB mutant (40). That suggested a possible role of Tsr in
aerotaxis.
A Atsr mutant (RP5882) was examined for aerotaxis in spatial and temporal
aerotaxis assays. The mutant cells formed the aerotactic band in a capillary at a
higher oxygen concentration than did wild-type cells (Fig. 2A) and were
indistinguishable from wild-type cells in a temporal assay (Table 2). An aertsr
double mutant (BT3311) was constructed and examined for aerotaxis. Aerotaxis
was abolished in the aerfsr double mutant. No aerotactic bands formed in a
spatial oxygen gradient (Fig. 2A), and we observed no responses to an increase
or decrease in oxygen concentration in a temporal assay (Table 2). The double
mutant did respond, however, to both aspartate (Tar-dependent chemotaxis) and
to mannitol (phosphotransferase chemotaxis) (data not shown). Aerotaxis was
restored in the aerfsr double mutant when Tsr (Table 2) or Aer (data not shown)
was expressed from a plasmid.
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These results indicate that Tsr is a second transducer for aerotaxis. The two
transducers function independently since Tsr is not essential for Aer-mediated
aerotaxis and vise versa.
Aer and Tsr Transduce Redox and Energy Signals.
It was previously postulated that an aerotaxis transducer may mediate other
types of bacterial behavior that involve changes in electron transport and the
proton motive force (3-6). To evaluate whether Aer and Tsr sense other stimuli
that modulate electron transport and the proton motive force, we tested the
responses of E. coli strains to glycerol and redox potential. Glycerol was recently
demonstrated to elicit energy taxis in E. coli (10). The bacteria do not sense
glycerol perse, but apparently respond to the increased electron transport and
proton motive force that results from glycerol metabolism. We have recently
described redox taxis in E. coli, a response that also involves sensing the proton
motive force or the redox state of the electron transport system (9). Responses
to glycerol and redox effectors in strains deficient in aer and fsr were tested using
a temporal gradient assay (Table 2). No taxis to 1 mM glycerol or to the redox
repellent 2, 3-dimethoxy-5-methyl-1,4 benzoquinone (10 jiM) were observed in
the aer tsr double mutant (BT3311). Overproduction of Aer (BT3310)
significantly enhanced both glycerol taxis and redox taxis (Table 2). We
conclude that Aer and Tsr are transducers for sensing of redox potential and
energy status, in addition to sensing oxygen.
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DISCUSSION
Aer and Tsr as Signal Transducers for Energy-Dependent Behavior.
This study identified two independent signal transducers for energy-dependent
behavioral responses in E. coli. A protein, Aer sensed changes in the rate of
electron transport/proton motive force that resulted from addition (or removal) of
oxygen or a carbon source, and from interaction of the electron transport system
with artificial electron carriers, such as quinone analogs. Overproduction of Aer
increased the response time to both positive and negative stimuli that affect the
electron transport system. Insertional inactivation of the aer gene decreased the
response time to those stimuli and caused changes in bacterial behavior in a
spatial gradient of oxygen. The energy-dependent behavioral responses were
not eliminated by the aer insertional inactivation or deletion, indicating that there
is a second transducer for aerotaxis and related responses. We identified the
serine chemoreceptor, Tsr, as the second transducing protein. The aer tsr
double mutant lacked all the energy related responses, but had normal
chemotaxis to aspartate and phosphotransferase sugars. The energy-dependent
responses (as well as chemotaxis to serine) were restored when the ter gene
was expressed from a plasmid in the aer ter double mutant, clearly confirming the
role of Tsr as a second transducer. Although not observed in this study, we have
not completely eliminated the possibility that other known chemotaxis receptors
of E. coli, Tar, Trg and Tap, can transduce signals for energy-dependent
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behavior. In an analogous system, Tsr was initially considered to be the sole
receptor for thermosensing in E. coli (41). Subsequently, in a tsr strain the Tar
protein was shown to be a transducer for the residual thermotaxis (42), and Trg
and Tap were transducers when overexpressed in a strain that was negative for
chemotaxis receptors (43). This suggests that thermotaxis transduction signals
originate from one of the conserved domains of the receptors.
A Signal Transduction Model for Aerotaxis and Related Responses.
Previous studies of the behavioral responses of E. coli to oxygen (2,44), other
terminal electron acceptors (5), redox molecules (electron carriers) (9) and
rapidly metabolized carbon sources (electron donors) (10) demonstrated that a
signal for each of these behaviors is generated in the electron transport system.
Electron transport and proton motive force are tightly coupled, so it is not
possible at this time to distinguish which is the signal for bacterial behavior. In
this study, “energy-sensing” and “redox-sensing” are used interchangeably to
refer to transducers that sense changes in the proton motive force/electron
transport system. Environmental changes that result in an increase in the
cellular energy level cause positive taxis. For example, an increase in electron
donors and acceptors, and a decrease in the concentation of de-energizing redox
molecules would be interpreted as positive stimuli. Changes that result in a
decrease in the energy level cause negative taxis. We propose that the term
“energy taxis” be used for all such behaviors. This term reflects the biological
significance of the behaviors’: navigation of bacteria to niches where the
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combination of environmental factors is optimal for energy generation, and
therefore for growth and homeostasis.
A model for energy sensing (Fig. 4) incorporates the findings of this study.
Any chemical that alters the flux through the electron transport system will induce
an equivalent change in the proton motive force. The change in redox/energy
level is transduced by Aer and Tsr into energy-taxis signals that alter the
rotational bias of the flagellar motors.
The consensus sequence in Aer, NifL, Bat, and Wc-1 proteins (Fig. '\A) is a
putative FAD-binding site, recently identified in NifL (33). Bibikov et al., (38)
detected an increased amount of FAD in E.coli membranes upon overproduction
of the Aer protein. This observation is consistent with the hypothesis that Aer is
an FAD-containing flavoprotein. In preliminary experiments, we have isolated
and purified the Aer protein and found a noncovalently bound cofactor that
comigrates with FAD in the HPLC profiles (unpublished data). The midpoint
redox potential of FAD/FADH2 is -220 mV; the redox potential of Aer-bound FAD
is likely to be in the range that permits interaction with dehydrogenases (-300
mV range) and/or with ubiquinone (+113 mV) and menaquinone (-74 mV) (9, 44,
45). As a result, Aer may sense changes in the electron transport between
dehydrogenases and quinones. Aer could also sense indirectly changes in the
proton motive force, since a proton motive force-dependent reversal of electron
transport could reduce FAD.
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Fig. 4. Model for energy-sensing by Aer and Tsr. Aer senses modulators of the
electron transport system. This is postulated to be mediated by the FAD cofactor
of Aer. Tsr may sense the proton motive force directly or indirectly through
changes in the electron transport system. Homologous signaling domains in Aer
and Tsr bind to the CheA/CheW complex and ultimately regulate the level of
phosphorylation of the CheY response regulator. A, CheA sensor kinase; W,
CheW docking protein; Y, CheY response regulator; Z, CheZ phosphatase.
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Tsr has no redox prosthetic group, and it is possible that Tsr directly senses the
proton motive force. Tsr has cytoplasmic and periplasmic residues that are
proposed to be involved in pH-sensing (46). Proteins may also be capable of
sensing the electrical component (A^F) of the proton motive force (47). However,
it remains to be determined whether Tsr senses electron transport or the proton
motive force. Tsr is well known as a protein with many roles, including sensing of
the external (serine, leucine) and internal (pH) environments (48). The present
study adds energy-sensing to the list of known roles of Tsr.
The existence of a proton motive force sensor in bacteria has long been
proposed (5, 49). Previous attempts to identify the proton motive force sensor
have been unsuccessful, but this study identifies both Aer and Tsr as direct or
indirect sensors of the proton motive force. As such, Aer is a sensor of the
internal and not the external environment of the cell. This may be an alarm
response that alerts the cell in an environment that threatens the maintenance of
optimal energy levels in the cell. A proton motive force sensor may be
widespread in living systems. A consensus sequence shared by the Aer, NifL,
Bat and Wc-1 sensory proteins is shown in Fig. 1A Further studies have
identified a highly conserved PAS domain in Aer that is present in diverse
sensory proteins from the Archaea to humans (50).
The mechanism of adaptation in aerotaxis is not clear. Aer has three putative
methylation sites in its C-terminus (two in the K1 region, and one in the R1
region) (Fig. 1C); however, significant deviations from the consensus sequence
observed in the chemotaxis receptors (30) raise a question as to whether Aer
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can be methylated by the CheR methyltransferase. Aerotaxis can occur in the
absence of protein methylation (39, 40). Adaptation in Tsr-mediated aerotaxis is
likely to be methylation-dependent. We have recently demonstrated methylationdependent adaptation of aerotaxis in Bacillus subtilis (51) and H. salinarium (27).
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Summary
PAS domains sense oxygen, redox potential and light, and are implicated in
behaviour, circadian rhythmicity, development and metabolic regulation.
Although PAS domains are widespread in archaea, bacteria and eukaryota, the
mechanism of signal transduction has been elucidated only for the bacterial
photo sensor PYP and oxygen sensor FixL. We investigated the signalling
mechanism in the PAS domain of Aer, the redox potential sensor and aerotaxis
transducer in Escherichia coli. Forty-two residues in Aer were substituted using
cysteine-replacement mutagenesis. Eight mutations resulted in a null phenotype
for aerotaxis, the behavioural response to oxygen. Four of them also led to the
loss of the non-covalently bound FAD cofactor. Three mutant Aer proteins
N34C, F66C and N85C, transmitted a constant signal-on bias. One mutation,
Y111C, inverted signalling by the transducer so that positive stimuli produced
negative signals and vice versa. Residues critical for signalling were mapped
onto a three-dimensional model of the Aer PAS domain, and an FAD-binding site
and “active site” for signal transduction are proposed.
Introduction
PAS domains comprise a sensing module superfamily that spans the
three divisions of cellular life: archaea, bacteria and eukaryota (Zhulin et al.,
1997a; Ponting and Aravind, 1997; Taylor and Zhulin, 1999). Stimuli
recognized by PAS domains include, but are not limited to, light (Borgstahl et
al., 1995; Yeh and Lagarias, 1998; Jiang etal., 1999), oxygen (Gong etal.,
1998; Pellequer etal., 1999), and redox potential (Rebbapragada et al., 1997;
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Soderback et ai, 1998). Biological processes in which PAS domains have
been implicated include global regulation of metabolism (Taylor and Zhulin,
1999), behaviour (Rebbapragada etai, 1997) and development (Fabret etal.,
1999) in prokaryotes, and circadian clocks (Dunlap, 1999), hypoxia responses
(Semenza, 1999), ion channel function (Morais Cabral etal., 1998) and
development (Sonnenfield, 1997) in eukaryotes (for a review, see Taylor and
Zhulin, 1999).
The specificity in sensing arises from cofactors that are associated with
PAS domains: p-hydroxycinnamic acid in the bacterial photoactive yellow
protein, PYP (Borgstahl etal., 1995); a haem in the bacterial oxygen sensor
FixL (Gong etal., 1998); and flavin adenine dinucleotide (FAD) in a bacterial
redox potential sensor NifL (Soderback et a!., 1998). A plant photoreceptor,
NPH1 that also senses redox potential has a flavin mononucleotide (FMN)
cofactor in its PAS domain (Christie et al., 1999). Protein sequence analysis
(Zhulin etal., 1997a; Ponting and Aravind, 1997) and molecular modelling
(Pellequer et al., 1998) suggested a common fold for putative PAS domains
from a wide variety of prokaryote and eukaryote sensor proteins. Recent
studies revealed a striking similarity in the three-dimensional structure of PAS
domains in proteins that are functionally and taxonomically distant (Pellequer
et al., 1999). PAS domains from PYP (Borgstahl et al., 1995), FixL (Gong et
al., 1998) and the human HERG potassium channel (Morais Cabral ef al.,
1998) have a distinctive ocp fold with a five-stranded antiparallel p-barrel core.
It is expected that the more than 300 known PAS domains will have a similar
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three-dimensional structure. At this time, relatively little is known about the
mechanisms of signal transduction by PAS domains other than PYP, HERG
and FixL. The common structure of PAS domains suggests that there might
be similar strategies for signalling, but, different cofactors associated with the
fold may introduce significant variation in the signalling pathways.
In Escherichia coli, the PAS-domain-containing Aer protein regulates the
motile behaviour of bacteria in gradients of oxygen (aerotaxis), redox potential
and certain nutrients (Bibikov ef a/., 1997; Rebbapragada ef a/., 1997; Taylor
and Zhulin, 1998). The PAS domain comprises the N-terminal sensing
module, and indirect evidence suggests the presence of an FAD cofactor in
the protein (Bibikov et al., 1997). Oxidation and reduction of FAD within the
PAS domain is postulated to produce a signal that is transmitted to the Cterminal signalling module (Taylor and Zhulin, 1998), which is homologous to
chemoreceptor signalling domains (Le Moual and Koshland, 1996; Kim et al.,
1999). In this study, we confirm the predicted sensory role of the PAS
domain, demonstrate FAD association with the domain and its involvement in
signal transduction, and identify individual amino acid residues that are critical
for folding and signalling by an FAD-binding PAS domain.

Results
The Aer PAS domain is the sensory input module
The hypothesis that the PAS domain in the Aer aerotaxis transducer is the
site of sensory specificity arose from a comparison of similar domains in other
oxygen/redox-sensing proteins (Rebbapragada etal., 1997; Bibikov etal.,
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1997; Zhulin etal., 1997a). In this study evidence supporting the role of the
PAS domain in sensing was provided by constructing a chimera (Aesr) that
fused the N-terminus of Aerto the C-terminus of the serine chemoreceptor
Tsr (Fig. 1). The Tsr protein has a ligand-binding domain in the periplasm
and a signalling domain in the cytoplasm. In Aer, the PAS and signalling
domains are both in the cytoplasm, connected to the membrane by a 38-40
residue hydrophobic sequence. The topology of the Aesr chimera is
predicted to be similar to Aer. Expressing the Aesr chimera from the pAVR4
plasmid in an aer ter strain (BT3354) fully restored aerotaxis (Fig. 2), but the
cells were insensitive to serine (data not shown). This suggested that the
specificity for oxygen/redox sensing in Aer is determined by residues 2 to
260, which include the PAS domain (residues 1 to 119). Bibikov et al. (2000)
reached a similar conclusion with a slightly different Aesr construct. We used
site directed mutagenesis to confirm that the PAS domain is essential for
sensing by the Aer protein.
Indirect evidence that the Aer protein contains an FAD cofactor was
reported, based on the increase in the total membrane FAD content when Aer
was overexpressed (Bibikov et al., 1997). To confirm the presence of FAD in
Aer, we isolated the His6x-tagged Aer protein as described in Experimental
procedures. Purified Aer protein was denatured in urea and the released
cofactor was analyzed by high performance liquid chromatography (HPLC).
A peak with a retention time and spectrum identical to FAD was detected
(data not shown). The highest FAD ratio observed was approximately 1 FAD
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Fig. 1. Construction of the Aesr chimera by
fusion of residues 2-260 from Aer to residues
271-550 from Tsr (Experimentalprocedures).
TM, transmembrane domain; K1, R1, receptor
methylation domains; HCD, highly conserved
domain for signaling.
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Fig. 2. Aesr chimera restores aerotaxis in E.coli
BT3354. BT3312 (aertsr) cells were transformed with
pAVR4 (aesr*) to create BT3354. The duration of
responses to a 0 to 21% oxygen increase (□) and a
21% to 0 oxygen decrease (■) were measured by the
temporal oxygen gradient assay (Experimental
procedures). BT3352 (BT3312 pAVR2); RP437 (wild
type); NR, no response.
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molecule per Aer monomer, but the non-covalently bound FAD was labile and
easily dissociated from the protein. No FMN, riboflavin or haem was detected
in the purified protein.
Previous studies indicated that oxygen does not bind directly to Aer
(Taylor and Zhulin, 1998). The aerotaxis signal originates in the electron
transport system and a protein-protein interaction is postulated between the
PAS domain of Aer and a component in the electron transport system. A
signal is transmitted via Aer to the central chemotaxis pathway. Residues 2 to
166 of Aer comprise the PAS domain and the adjacent a-helix.
Overexpressing Aer2-i66from pAVR1 in a tsraer+ strain (BT3356) decreased
the Aer-mediated smooth-swimming response to an oxygen increase (0 to
21%) from 102 ± 9 s to 57 ± 9 s. This interference indicates that Aer2-166
competes with the PAS domain from native Aer for the upstream signalling
component, or a down-stream component, such as the C-terminal domain of
Aer or an oligomeric Aer complex. It is likely that Aer2.166 binds to an upstream
component since overproduction of Aer2-i66 did not inhibit chemotaxis to
cobalt or aspartate. These responses are processed by the Tar
chemoreceptor, which has a C-terminal domain that is homologous to that of
Aer (Le Moual and Koshland, 1996).

Selection of PAS residues for mutagenesis
An alignment of more than 300 sequences from the PAS domain superfamily
identified conserved and variable residues in the PAS fold (Fig. 3; Taylor and
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Fig. 3. Multiple alignment of selected PAS domains, showing the
secondary structures of PYP, FixL and HERG, and sub-domains of
the crystallographic structure of PYP (adapted from Taylor and
Zhulin, 1999). The variable N-terminal cap is not included in the
alignment. Residues in reverse contrast are identical in >50% of the
sequences of >300 PAS domains. Shaded residues are similar in
>75% of the sequences. Vertical arrows beneath the alignment
indicate cysteine replacements. A residue shown below a vertical
arrow indicates that the cysteine replacement mutation at this site
produced a defective aerotaxis phenotype. A complete alignment of
PAS domain sequences is maintained at
www.llu.edu/medicine/micro/PAS
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Zhulin, 1999). Molecular modelling (Pellequer et al., 1998) and the three
dimensional co-ordinates from three PAS domains that have been crystallized
(Borgstahl etal., 1995; Gong etal., 1998; Morais Cabral et al., 1998;
Pellequer et al., 1999) revealed how the conserved residues stabilize the
structure. On the other hand, PAS is a multifunctional superfamily, and
sequence variability detected in comparative analysis is likely to contribute to
the functional diversity (Taylor and Zhulin, 1999). Therefore, in selecting
residues to mutate, we considered both conserved and variable residues that
were likely to contribute to the PAS fold and the Aer functional specificity,
respectively. The A-E subdomain (Fig. 4) constitutes a PAS core that may
contain a site for protein-protein interactions and signalling, the G-l
subdomain constitutes the p-scaffold that maintains the structural integrity of
the PAS domain, and the F helical connector forms a link between the PAS
core and the p-scaffold (Pellequer et a/., 1998). The greatest variability in
length and sequence within PAS domains is in the EF and FG loops (see Fig.
1 in Taylor and Zhulin, 1999; Gong etal., 1998; Pellequer ef a/., 1998; Morais
Cabral et al., 1998). The attachment sites for known cofactors in PAS
domains are in the EF loop, and/or F helix (Borgstahl et al., 1995; Gong et al.,
1998). The variable regions in PAS domains may determine the unique
ligand-binding properties of individual PAS domains (Pellequer et al., 1998).
Using cysteine-replacement mutagenesis we serially substituted 42
selected residues in the PAS domain of the Hisex-Aer protein encoded in the
pAVR2 plasmid (Fig. 3). We chose to replace the residues with cysteine
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Fig. 4. Scheme of the Aer PAS domain illustrating the major
structural features and predicted position of critical residues
for signal transduction.
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rather than alanine because solvent accessibility studies with the cysteine
mutations can be used to elucidate protein structure. None of the three
cysteines found in the native Aer protein are in, or adjacent to, the PAS
domain. Two cysteines (Cys193 and Cys203) are in the putative membrane
domain and one (Cys253) is in the C-terminal domain.

PAS domain residues important for signal transduction
The Aer and Tsr proteins are independent transducers for aerotaxis in E. coli
(Rebbapragada et al., 1997). To evaluate the impact of a mutation on the
Aer-mediated pathway we expressed the mutant protein in BT3312 (aer tsr)
cells that have a null phenotype for aerotaxis. The pAVR2 plasmid
expressing a His-tagged Aer under the control of the trc promoter and the
pGH1 plasmid expressing untagged native Aer were similarly effective in
complementing BT3312 (data not shown). We mutated the His6x-tagged aer
gene to facilitate purification of the mutated proteins for follow-up studies.
Expression of the mutated Aer proteins was confirmed by Western
immunoblot analysis (data not shown).
Three biological screens were used to evaluate the phenotype of Aer
mutants. Ring formation in succinate semi-soft agar is inhibited in cells that
have a null phenotype for Aer (Bibikov et al., 1997). The mutated Aer
proteins supported a range of responses on succinate plates (Fig. 5A).
Mutants that were defective, or partially defective, in migration on succinate
plates were tested for aerotaxis in a capillary assay (Zhulin et al., 1996).
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Fig. 5. Comparison of aerotaxis responses in succinate semi-soft agar (A),
and a capillary (B). A. Cells (5 ul) in mid-logarithmic phase were inoculated in
the center of a succinate semi-soft agar plate (H1 medium, 30 mM succinate,
0.28% agar, 100 ug/ml ampicillin) and incubated at 30° C for 24 hours. Cells
with a wild type aerotaxis phenotype formed a distinct convex ring (top) that is
absent in mutants that have a null phenotype for aerotaxis (bottom). Other
mutants were partially defective in aerotaxis (center). B. Cells (O.D.600 =
0.45) in Luria-Bertani medium were loaded into an optically flat capillary.
Band formation is shown for each of the strains used in (A).
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Bacteria that are positive for aerotaxis form a band at the preferred oxygen
concentration near the capillary opening. The intensity of the aerotaxis band
was evaluated semi-quantitatively and scored as 0, +, ++ or +++ (Fig. 5B).
Mutants that scored less than +++ were evaluated quantitatively using a
temporal oxygen gradient assay (Rebbapragada etal., 1997), in which the
duration of the response to a decrease and increase in oxygen concentration
was observed under a microscope. E. coli has a three-dimensional random
walk motility pattern, alternating between smooth swimming and tumbling in
isotropic medium. In response to a decrease (21% to 0) in oxygen
concentration, bacteria that are wild-type for aerotaxis tumbled continuously
for 20-30 s then resumed random swimming. In response to an oxygen
increase (0 to 21 %), wild-type cells swam smoothly for about 150 s. Of the
42 mutations in the Aer PAS domain that were made by cysteine replacement
mutagenesis (Fig. 3), only 12 mutations (N34C, G42C, E47C, R57C, H58C,
D60C, F66C, D68C, W79C, N85C, G90C, Y111C) produced an aerotaxis
phenotype that was different from the phenotype of cells that are wild-type for
aerotaxis and chemotaxis (Fig. 4). Of the 8 residues in the Aer EF loop, only
2 (H58, D60) were essential for aerotaxis; the P59C, P61C, K63C, A64C and
A65C mutants retained aerotaxis. However, the length of the EF loop
appeared to be critical. Aerotaxis was abolished when Ala65 was deleted, or
an additional alanine was inserted after Ala65.
The responses of E. coli aer mutants that had diminished or no responses
to oxygen in temporal gradients, are shown in Table 1. Each of the Aer
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Table I. Behavior of Aer mutants with
decreased aerotactic responses and normal
pre-stimulus signaling.3
Aer

Response time (s)

Oaf

a|

24 + 7
158+16
wild type
NR
G42C
10 + 3
12 ± 3
9+1
E47C
NR
NR
R57C
NR
NR
H58C
NR
D60C
NR
NR
D68C
NR
W79C
NR
NR
NR
NR
G90C
3 The duration of the responses to an oxygen
increase and decrease were determined
using the temporal oxygen gradient assay.
NR, no response.
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mutants listed in Table 1 had a normal tumbling frequency and a random-walk
swimming pattern prior to a change in oxygen concentration. This indicated
that the mutation disrupted the aerotaxis signalling pathway but did not cause
a permanent signalling bias (signal on or signal off). A small residual
response to an oxygen increase was observed in G42C and E47C strains,
whereas other mutants had a null phenotype for aerotaxis. Residues Gly42,
Glu47, and Gly90 are conserved in the PAS core and GH loop. Residues
Asp68 and Trp79 are conserved in the F helix, and G strand, respectively.
Residues Arg57, His58 and Asp60 are variable residues in and near the
putative EF loop (Fig. 4).
Three mutations (N34C, F66C, N85C) that diminished the aerotaxis
responses also increased the tumbling frequency in unstimulated cells,
indicating a constant signal-on bias. This was confirmed by measuring the
rotation pattern of bacteria tethered to a glass slide by anti-flagella antibody
(Table 2). The flagellar motors rotate the bodies of tethered wild-type cells
predominantly in the counter-clockwise (CCW) direction, corresponding to
linear swimming in free-swimming cells (Block et a!., 1982). A histogram
(Table 2) of the rotation pattern was typical of wild type for BT3352 (BT3312
pAVR2) cells expressing the Aer protein with the native sequence (Ames and
Parkinson, 1994), but bacteria expressing Aer with the N34C, F66C or N85C
mutation had a CW bias. This implies that the mutated Aer is in a signal-on
(CW) conformation, even in the absence of an external signal. The mutants
are also partially defective in processing the aerotaxis signal. Asn34 and
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Table II. Behavior of Aer mutants with
altered pre-stimulus swimming bias.a
Aer

Response time (s)
02|
Cht

wild type 158 + 16

Rotation
pattern13

24 + 7

N34C

24 + 5

12+3

F66C

52 + 11

11+4

N85C

32+ 8

10 + 4
CC\Nm

a Response times were determined as described in
Table I.
b Rotation of unstimulated tethered cells was observed
for 15 s. The histogram represents the number of
cells that rotated 100% CCW, >50% CCW, randomly,
>50% CW, 100% CW.
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Phe66 are conserved residues in the Ca and Fa helices, respectively, and
Asn85 is a variable residue in the Gp strand (Fig. 4).
The AerY111C mutant had inverted aerotaxis responses in the temporal
gradient assay (Table 3). In response to an oxygen increase, cells
expressing the native Aer sequence gave a positive (smooth-swimming)
response whereas cells expressing AerY111C displayed a negative
(tumbling) response. Conversely, in response to an oxygen decrease,
bacteria expressing wild-type Aer gave a negative response
and bacteria expressing AerY111C gave a positive response. In an isotropic
environment the rotation pattern for the Y111C mutant was similar to the
normal response shown in the first histogram in Table 2. The histograms in
Table 3 show the flagellar rotation patterns for AerY111C and the control
immediately after an oxygen increase and an oxygen decrease. Compared to
the prestimulus rotation pattern, an oxygen increase causes a CW bias in
Y111C and a CCW bias in the control. Residue Tyr111 is centrally located in
the I strand of the PAS domain p-scaffold (Fig. 4) and appears to be a critical
residue in signalling by the FAD-PAS domain (see below).
Other amino acid substitutions were made at Tyr111 of Aer to investigate
the mechanism of signal inversion in the AerY111C mutant (Fig. 6).
Substituting Phe for Tyr111 resulted in little loss of activity, but 75% of the
smooth swimming response was lost after Arg, His, Ala or Ser substitution.
Ala and Ser, residues are closest in size to Cys, but only the AerY111C
mutant had inverted responses.
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Table III. Inversion of the aerotactic responses
in AerY 111C mutant.3
Rotation pattern
Response time (s)
Aer

02t

O21

O21

wild type 158 + 16
24 + 7
(smooth) (tumbling)
Y111C

25 + 2
(tumbling)

41 +4

O21

.

1

ccw-«—►cw ccw-*—►cw
a Responses and rotation patterns were measured as
described in Table II, with the exception that rotation
was observed immediately after an oxygen increase
or decrease.
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Fig. 6. Behavioral responses of Aer mutants with
substitutions for Tyr111. BT3312 cells were transformed
with a plasmid that encoded a mutated aer gene and
the duration of the aerotaxis responses were
determined. Control, BT3352 (BT3312 pAVR2);[I],
smooth swimming;®, tumbling; oxygen decrease; +,
oxygen increase; NR, no response.
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PAS domain residues involved in FAD binding
Several of the mutant Aer proteins were purified and the FAD levels were
determined. However, the lability of FAD in the purified proteins led us to
question whether FAD-binding was diminished as a result of the mutation or a
loss of FAD during purification. To avoid this uncertainty, we measured the
increase in total membrane FAD content when Aer was overproduced. The
basal level of FAD was 0.15 nmol mg'1 membrane protein (approximately
2500 FAD molecules cell'1) in strain BT3352. Concentrations reached 1.2
nmol FAD mg'1 membrane protein when aer expression was induced by 0.6
mM IPTG. There was no significant change in FMN, riboflavin or noncovalently bound haem in membrane fractions. The FAD concentration in the
cytosolic fraction did not increase significantly, indicating that FAD is not
significantly leached from the membranes into the cytoplasm. The increase in
FAD was approximately equimolar with the increase in Aer monomer in the
membranes as estimated by Western blot analysis (data not shown). These
findings indicated that FAD synthesis is closely regulated and confirmed the
validity of the method of Bibikov et al., (1997). We used this method to
estimate FAD bound to mutant Aer proteins. FAD measurements were
normalized by reporting the FAD ratio in cells that were induced and
uninduced for Aer.
We determined the membrane FAD content in aer tsr cells transformed
with plasmids derived from pAVR2 that expressed one of 12 mutated Aer
proteins (Fig. 7). Only four mutants, Aer R57C, H58C, D60C and D68C, did

180

Fig. 7. FAD binding by Aer mutants. Histograms
represent the increase in membrane FAD when mutant
Aer proteins are overexpressed. BT3312 (aertsr) cells,
transformed with a plasmid that encoded a mutant Aer
protein, were grown and divided into two flasks. Aer
overexpression was induced in one flask by 0.6 mM IPTG.
The ratio of total membrane FAD in the induced and
uninduced cells was determined (Experimental
procedures). \Z\, Aer alleles; H. negative control (BT3312
pProEX). Positive control, BT3352 (aer*). Each
transformant was analyzed in duplicate on three separate
days. The results were analyzed by one-way analysis of
variance that compared the relative increase in FAD in
each mutant strain to the FAD ratio in the negative control.
*, significant increase in FAD (P < 0.01); **, significant
increase in FAD (P < 0.05).
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not have a statistically significant increase in the FAD content. These
mutants also had a null aerotaxis phenotype (Table 1). All four mutations
reside in, or near, the EF loop of the PAS domain. Either FAD binds to the
mutated residues or the mutation induces a conformational change that
prevents FAD binding.
The properties of the Arg57, Flis58 and Asp60 residues that are important
in FAD binding (Fig. 7) were investigated by additional site-directed
mutagenesis. Replacement of Arg57 with Lys did not result in a loss of
aerotaxis and, by inference, FAD binding (Table 4). This suggests that the
positive charge on residue 57 may be important. Partial activity of Aer was
retained when Asp60 was replaced by Glu, Gin and Asn. The carbonyl
oxygen of Asp60 may be a critical atom. Aer was inactivated when Flis58
was replaced by Lys, which also has a positive charge, and was partially
active when Tyr was substituted for His58, suggesting that the charge of
Fiis58 may not be important for FAD binding. Several mutants with a normal
aerotaxis phenotype were tested for FAD binding. However, none of the
mutants increased the membrane FAD content to the levels observed for
wild-type Aer (data not shown). One explanation for this finding is that
mutants that signal normally at low expression levels could have subtle
structural differences that become noticeable only after amplifying the
construct. The differences might include impaired assembly into the
membrane, altered association with components that stabilize FAD binding or
increased susceptibility to proteolysis.
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Table IV. Effects on behavior of substitutions
atArg57, His58 and Asp60.a
Aer

Response time (s)

o2t
wild type
R57C
R57K
H58C
H58K
H58Y
D60C
D60E
D60N

158 + 16
NR
120 + 5
NR
NR
88 + 9
NR
125±4
117±6

Oil
24 + 7
NR
30 + 4
NR
NR
13 + 2
NR
28+ 5
32+4

a Measurement of responses is described in
Table I.
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Discussion
The results of serial cysteine substitution at 42 residues in the Aer PAS
domain demonstrate that cofactor binding and the ‘active site’ for signalling
are centered around the EF loop and PAS core region (Fig. 4). This is similar
to the PYP protein (Pellequer et ai, 1998), and differs from the FixL PAS
domain, in which cofactor interactions and signalling are centered around the
FG loop and F helix (Gong etal., 1998).
Spatial relationship of the critical residues
Twelve residues (Asn34, Gly42, Glu47, Arg57, His58, Asp60, Phe66, Asp68,
Trp79, Asn85, Gly90, Tyr111) that are involved in signal transduction in the
Aer PAS domain were identified. To visualize the spatial relationship of the
mutations, we modelled the three-dimensional structure of the Aer PAS
domain on the crystal structure of PYP. Using the multiple alignment of 300
PAS domains (Taylor and Zhulin, 1999; www.llu.edu/medicine/micro/PAS),
the co-ordinates of PYP (Protein Data Bank ID:2PYP) as a template, and the
promod

II program (Guex and Peitcsch, 1997) we generated a structural

model for the Aer PAS domain (Fig. 8). The modelled Aer PAS domain has a
five-stranded antiparallel p-barrel structure that is similar to PAS domains in
PYP, FixL and HERG (Pellequer et ai, 1999). The overall fold resembles a
left-handed glove in which the fingers enclose a pocket. Projecting into the
pocket are most of the Aer residues that are involved in FAD binding and
signal transduction (Fig. 8). The fingers of the glove are formed primarily
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Fig. 8. Hypothetical structural model for
the E.coliAer protein visualizing the
predicted position of residues involved
in aerotaxis. The Aer PAS domain
(residues 1 to 119) was aligned with the
PYP sequence (residues 1 to 125). The
alignment was adjusted to minimize
energy based on a sudo-SippI field and
submitted to the ProMod II program
using the SWISS-PDB viewer. The
figure was generated using the
MOLSCRIPT program (Kraulis, 1991).
Cysteine replacement of the residues
shown as stick models produced a null
aerotaxis phenotype (red), a loss of
FAD binding and a null phenotype
(green), inverted responses (yellow) and
a CW signaling bias (purple).
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from the p-barrel, the palm from a-helical loops and the thumb from p-sheets,
as described previously for FixL (Gong et al., 1998)
Mutated residues in Aer that are highly conserved within the PAS
superfamily (Fig. 3 and Taylor and Zhulin, 1999) appear to be critical in
forming the PAS fold. For example, in other PAS domains the Asn34
equivalent stabilizes the BC turn structure by forming hydrogen bonds to
three backbone nitrogen atoms (Pellequer et al., 1998, 1999). Gly42 ends
the C helix; Gly90 forms the turn in the GFI loop.
Putative FAD binding site and “active site”
Four of the Aer PAS domain residues (Arg57, His58, Asp60 and Asp68)
that are involved in FAD binding (Fig.s 7, 8) and signalling (Table 1) are in or
near the EF loop, which forms one boundary of the Aer major pocket.
Residues involved in FAD binding (green), signalling (purple) and inverted
responses (yellow) are clustered. Bibikov et al. (2000) found that Arg104
(Flp) is also a determinant for FAD binding. Cysteine replacement of Tyr111
resulted in inverted aerotaxis responses (Table 3). We propose that FAD is
bound in the pocket and that residues in contact with the isoalloxazine ring of
FAD transduce redox changes into conformational changes in the PAS
domain. The latter transmit the aerotaxis signal to the C-terminal domain of
Aer. The interaction of Tyr111 with FAD may modulate the mid-point
potential of FAD (see below). The Phe66 and Asn85 residues (Fig. 8) are
presumably part of the signal transduction pathway because the F66C and
N85C mutants were locked in CW signalling mode (Table II).
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The FAD binding residues, Arg 57, His 58, and Asp60 are variable residues (Fig.
3). However, histidine and aspartate residues in positions corresponding to His58
and Asp60 are conserved in a subset of 40 PAS proteins, including Aer
homologs from Pseudomonas putida (Nichols and Harwood, 2000) and other
proteobacteria (I. B. Zhulin, unpublished observation), the WC-2 protein of
Neurospora crassa, and PER, ARNT and CLOCK proteins from mammals
(www.llu.edu/medicine/micro/PAS). The PAS domain of the Aer protein is a
prototype for redox-sensing PAS domains, and possibly for this large and diverse
subfamily of PAS domains, in which the .. . HXD... motif is present at the Cterminal end of the EF loop.
We were unsuccessful in demonstrating FAD binding to the Aer2.i66 PAS
domain fragment. An Aer R235C mutation in the linker region of the Cterminal domain also abolished FAD binding (Q. Ma and B.L.Taylor,
unpublished observation). It is possible that association of the PAS domain
with the C-terminal region of Aer or a partner protein is necessary to stabilize
the PAS domain structure. This is supported by the finding by Bibikov et al.
(2000) that both the linker region and the region between the PAS domain
and the membrane domain are required for FAD binding to Aer.

The role of FAD in sensing
The signal for aerotaxis originates when oxygen binds to the terminal oxidase
of the electron transport system (Taylor et al., 1999). We postulate that the
Aer PAS domain interacts with one of the electron transport components.
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The reduction potential of the FAD cofactor in Aer is expected to be within a
range that would permit electron exchange with ubiquinone-menaquinone via
the electron transport system. Maximal rates of respiration (saturating
electron donor and optimal electron acceptor) favor formation of the semiquinone form of ubiquinone (menaquinone). If the FAD cofactor of Aer is in
equilibrium with the quinones of the respiratory system, the semi-quinone
form (FADFI-) would be predominant at maximal respiration. These steady
state conditions are associated with CCW rotation of the flagella and
swimming by the bacteria, suggesting that FADH- excites a CCW signal in the
protein. Aerobic E. coli that are starved for an electron donor have a fully
oxidized electron transport system, and show a smooth-swimming response
to the introduction of an electron donor (Zhulin et al., 1997b). In the absence
of oxygen and alternative electron acceptors, cells have a fully reduced
electron transport system and show a smooth-swimming response to the
addition of oxygen (Table 2). These results can be explained if the fully
oxidized quinone (FAD) or fully reduced quinol (FADFI2) form, respectively,
send a CW signal in Aer.
The range of inverse responses that result from mutations in bacterial
chemotaxis and aerotaxis has been reviewed recently and possible
mechanisms proposed (Jung and Spudich, 1998; Taylor and Johnson, 1998).
The inverted aerotactic response caused by the Y111C mutation can be
explained by our model for aerotaxis, if it is assumed that the mutation shifted
the redox potential of the FAD cofactor so that it is fully oxidized (the quinone
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state) during maximal rates of electron transport. A reductive shift in the
electron transport chain that would normally shift FADH- to the quinol state
and cause a CW signal, will now shift FAD quinone to the semi-quinone state
and cause a CCW signal, i.e. an inverted response.
We propose that the signal propagation to and from the Aer PAS domain
is by protein-protein interactions. The present studies suggest three possible
PAS domain sites, for isologous or heterologous protein-protein interaction.
One site surrounds Glu47, which corresponds to PYP residue Gln56 in a
cluster of charged residues that form a putative protein-protein interaction site
in PYP. Other sites are the hydrophobic side chains of residues Val56 and
Met57, and residues Ile82 and Val83 at the surface of Aer. These putative
hydrophobic interaction sites are different from the site of the hydrophobic
patch in the FIERG PAS domain that has been implicated in binding to the
transmembrane region of the channel (Morais Cabral etal., 1998; Chen etal.,
1999).

Experimental procedures
Strains and construction of plasmids
E. coli RP437 (aer+ tsr+, J.S. Parkinson) and its derivatives RP5882 (tsr,
Callahan et al., 1987) and BT3312 (aer tsr) were grown at 30°C in LuriaBertani medium containing thiamine (1 pM) and supplemented with ampicillin
(100 pg/ml) when needed. The aer fsr double mutant BT3312 was generated
by P1 transduction of thr+Atsr-7021 from RP5882 into UU1117 (Bibikov et al.
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1997) recipient cells. The wild type aer gene was amplified by PCR from the
pGH1 plasmid (Rebbapragada etal., 1997) with the following primers: sense,
5’-CCAGGCGCCTCTTCTCATCCGTATGTC-3’; antisense, 5’-ACGCGTCGACTTAATGCAGTACCGTCACCGC-3’. The N-terminal primer lacks the
methionine start codon and includes an Ehe\ restriction site; the C-terminal
primer includes a Sa/I site after a stop codon (bold). The pAVR2 plasmid,
which expresses Hisex-Aer under the control of the trc promoter and laclq, was
constructed by subcloning the 1.5 kb Ehe\-Sal\ PCR fragment containing the
aer gene into the Ehe\ and Sa/I sites of the pProEXHTa expression vector
(GIBCO) which encodes a N-terminal His6x tag. The pAVR1 plasmid was
obtained using PCR to introduce a stop codon (bold) and Xba\ restriction site
after Aer residue 166 in pAVR2 (Primers: sense 5’-CGCTGGCGGGCGCGTTAGTCTAGAGTGAGACCCTGATG- 3’ antisense 5’-CATCAGGGTCATCACTCTAACTAACGCGCCCGCCAGCG -3’), and excising a 1 kb Xbal-Xbal
fragment corresponding to Aer residues 167-506. All constructs were
confirmed by automated DNA sequencing.
The Aesr chimera (pAVR4) encodes a fusion of Aer residues 2-260 and
Tsr residues 271-550 (Fig. 1). Primers for a PCR fragment encoding Tsr
residues 271-551 contained Aafll (sense) and Xbal (antisense) restriction
sites: sense S’-CGTACCGTCGGTGACGTCCGCAACGGGGCC-S’, antisense
5’-CCCCTCTAGATTAAAATGTTTCCCAGTTCTCCTC-3’. A silent mutation
encoding an Aafll restriction site at Aer codon 260 was incorporated into
pAVR2. Primers: sense 5’-CTAAATAACGACGTCTCAAGCCAG-3’, antisense
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5’CTGGCTTGAGy4CGrCGTTAATTAG-3’. An Aat\\-Xba\ fragment encoding
Aer26i-506 was excised from pAVR2 and the Aat\\-Xba\ PCR fragment
encoding Tsr27i-55i ligated in its place.

Mutagenesis and complementation
Cysteine was serially substituted at 42 residues in Aer, which was encoded in
the pAVR2 plasmid (Fig. 3). The mutations were generated by Pfu
polymerase PCR using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene). Additional point mutations, insertions and deletions were also
generated with this method. The primer sequences used are available at
www.llu.edu/medicine/micro/faculty/primers.htm.
Complementation in trans by mutated Aer proteins was evaluated by
transforming E. coli BT3312 (aertsr), with a plasmid that expressed the
mutated Aer protein. When pAVR2 ( aer+) was uninduced, the aerotaxis
response in BT3352 (BT3312 pAVR2) cells to an 0 to 21% increase in oxygen
concentration was longer (158 + 16 s) than the response of RP5882 (aer+ tsr)
cells (90 ± 1) indicating that the Aer levels in BT3352 were about 50% higher
than in RP5882 (Rebbapragada et al., 1997). The phenotypes of mutated
plasmid aergenes were evaluated in BT3312 cells without IPTG induction.

Purification of the Aer protein
Cultures (1 litre) of E. coli BT3352 were grown to OD6oo = 0.6. Aer expression
was induced (0.6 mM IPTG) for 3 h. Cells were disrupted in a French press.
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Following centrifugation at 15000 g for 20 min, membranes were sedimented
(485000 g, 20 min) and frozen at -80°C for future use. Membranes were
resupended in buffer containing 1% Triton X-100 and the Aer protein was
isolated by nickel NTA affinity chromatography (Qiagen) following the
manufacturer’s protocol. Protein concentration was determined by the
Bradford assay (Bio-Rad). Protein samples were stored at

-20°C prior to

analysis.

Anti-Aer antibody and Western blot analysis
Rabbit sera raised against the Aer2-166 fragment were prepared by Zymed
Technologies. Aer2-166 was isolated from a culture of E. co//ALS294 (rpoH,
kindly supplied by R. Schwanner, University of Georgia) transformed with
pAVR1 (Aer2_i66)- For Western blot analysis we followed the procedures of
the reagent manufacturers using goat anti-rabbit IgG H+L horseradish
peroxidase conjugated antibody (Bio-Rad) as a secondary antibody.
Bands were visualized by Super Signal Chemiluminescent Substrate
Detection reagents (Pierce Chemical).

Isolation of membranes and FAD analysis
Hisex-Aer and its mutant derivatives were induced in E. coli aer ter strains.
Cultures (600 ml) were grown to mid-logarithmic phase and divided, IPTG (1
mM) was added to one flask and growth at 30°C continued for 3 h. Harvested
cells were resuspended in 40 mM Tris-HCI pH 8.0 containing complete
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protease inhibitor cocktail (EDTA-free, Boehringer Mannheim), and disrupted
with five cycles of freeze thaw and sonification. Membranes were prepared
as before, and membrane proteins resolved by SDS-PAGE and Western blot
analysis.
The purified Hisex-tagged Aer protein was diluted 1:1 in 10 M urea and
centrifuged through a 10 kDa Centricon filter (Millipore). The filtrate was
analyzed on a Jupiter C18 Sjnm reverse phase HPLC column (Phenomenex)
using an ammonium acetate/methanol (pH 5.9) gradient. Peaks and spectra
were monitored with a diode array spectrophotometer (Shimadzu). Peak
purity was confirmed by overlaying the spectra of the upslope, apex and
downslope. The retention times and peak areas of the samples were
compared to an FAD standard.
Alternatively the increase in the total membrane FAD content was
determined. Membranes were extracted five times with chloroform. The
aqueous phase was filtered through a 0.2 pm nylon-66 microfilterfuge tube
(Rainin) prior to HPLC analysis.

Behavioural Assays
Bacteria were screened for aerotaxis on semi-soft succinate swarm plates
containing 100 pg mr1ampicillin (Bibikov et al., 1997). For the capillary assay
cells grown to OD6oo = 0.4-0.45 were loaded into an optically flat capillary, and
the aerotactic band formation was observed and video-recorded using a darkfield video microscope (Zhulin et al., 1996). To quantify the aerotactic
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response to gradients of oxygen and nitrogen, a temporal assay for aerotaxis
was timed by inspection in a double blind study (Rebbapragada et al., 1997).
Tethered cell behavioural assays followed the procedure of Block et al.,
(1982) using anti-flagella IgG donated by J.S. Parkinson (University of Utah).
The rotation of 50 individual cell bodies was observed for 15 second each and
scored as published (Ames and Parkinson, 1994).
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CHAPTER FIVE
V. The Role of NADH Dehydrogenase I in Aer-mediated responses in
Escherichia coli

A. Introduction
1. Where does the signal originate?
A preponderance of evidence indicates that enteric bacteria do not directly
sense oxygen, but sense changes in cellular energy resulting from oxygen
metabolism (reviewed by Taylor, 1983a,b; Zhulin and Taylor, 1998; Taylor et al.,
1999). Previous studies of the behavioral responses of E. coli to oxygen (Laszlo
and Taylor, 1981; Shioi etal., 1988), other terminal electron acceptors (Taylor et
al., 1979), redox molecules (electron carriers) (Bespalov et al., 1996), and rapidly
metabolized carbon sources (electron donors) (Zhulin et al., 1997b)
demonstrated that a signal for each of these behaviors is generated in the
electron transport system (electron transport system). Even in the presence of
oxygen, electron transport is terminated and aerotaxis is abolished in the cyo cyd
strain that lacks a terminal oxidase for respiration (Kaysser et al., 1995). This
suggests that a functional respiratory chain is necessary for aerotaxis.
Although oxygen is the preferred terminal acceptor in E.coli, electron
transport can be sustained with alternate electron acceptors such as, nitrate,
fumarate, trimethylamine oxide (TMAO) during anaerobiosis. Electron-transport
dependent taxis to alternative electron acceptors is also retained in the absence
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of oxygen, if the electron transport system remains functional, and their
corresponding terminal reductases are present (Taylor, 1979; Shioi et al., 1988).
Redox effectors such as, substituted quinones that divert electrons away from an
aerobic respiratory chain mediate a repellent aerotaxis response. The magnitude
of this repellent response is directly proportional to their redox potential or their
ability to divert electrons away from the electron transport system (Bespalov et
al., 1996). Recently, glycerol taxis was also demonstrated to be a metabolismdependent energy taxis in E.coli (Zhulin et al.,1997b). The bacteria do not sense
glycerol perse but apparently respond to the increased electron transport or
proton motive force that results from glycerol metabolism. Glycerol-3-phosphate
is oxidized by glycerol dehydrogenase and electrons are donated to the
ubiquinone (or menaquinone) pool.
It has been shown that A. brasilense (Zhulin et al., 1996) and E.coli (I. Zhulin
and B.L. Taylor, personal communication) band at the oxygen concentration that
generates maximum proton motive force. Taken together, the data suggest that
a functional electron transport system is a prerequisite for aerotaxis and “energy”
is sensed by monitoring the redox status of the electron transport system or by
measuring increases in proton motive force.
2. Redox or Proton Motive Force?
Electron transport is tightly coupled to proton motive force and it is not known
which is the signal for bacterial behavior. Thus "energy-sensing" and "redoxsensing" are used interchangeably to refer to transducers that sense changes in
the proton motive force or electron transport system (Taylor and Zhulin, 1998).
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Environmental changes that result in an increase in cellular energy levels cause
positive taxis. For example, an increase in electron donors and acceptors and a
decrease in the concentration of de-energizing redox molecules would be
interpreted as positive stimuli. Changes that result in a decrease in the energy
level cause negative taxis (Bespalov et al., 1996). Electron transport is
orchestrated by the concentrations and steady state characteristics of electron
transport system components, the concentration of electron donors and electron
acceptor(s) and, the diversion of electrons away from the chain (Gennis and
Stewart, 1996;Taylor and Zhulin, 1998). Any chemical that alters the flux through
the electron transport system will induce an equivalent change in the proton
motive force and may act as an effector for aerotaxis. Behaviors mediated by
such changes are referred to as “energy taxis” to reflect the biological
significance of navigating bacteria to niches where the combination of
environmental factors is optimal for energy generation and therefore, growth and
homeostasis.
3. PAS mediated protein-protein interactions and redox sensing
PAS domains found in sensing modules are known to participate in proteinprotein interactions, and this may mediate signal transduction (Huang et al.,
1993). The prototypical PAS domain, photoactive yellow protein (PYP) in
Ectothiorhodospira halophila, is thought to transmit signals to a downstream
signaling component via protein-protein interactions upon photoactivation.
Photoactivation induces a trans to cis isomerization of the hydroxycinnamic acid
chromophore. This causes conformational changes in protein structure and
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subsequently exposes a patch of positively charged residues that are proposed
to form an interface for interaction with a signaling protein. Analogously,
oxidation and reduction of the FAD cofactor in Aer may change the PAS domain
surface, shape or electrostatic potential and ultimately mediate protein interaction
with the C-terminus to transmit signals to chemotaxis components.
Two PAS domain-containing proteins have been identified as flavin containing
redox sensors. NifL, a transcriptional activator in Azotobacter vinelandii, is
regulated by the redox potential of its FAD cofactor. The NifL protein is inactive
when FAD is reduced and active when FAD is oxidized (Macheroux et al., 1998;
Soderback et al., 1998; Dixon, 1998). At physiological conditions, the NifL
holoprotein has a redox potential of -226 mV, and can be readily reduced in vitro
by various electron donors and NAD(P)H -dependent enzymes (Macheroux et
al., 1998). Thus, interaction with electron donors poises the redox state of the
NifL protein and maintains the protein in an inactive state during anaerobiosis.
The blue light photoreceptor phototropin (Nph1) in Arabidopsis thaliana binds
flavin mononucleotide noncovalently, and the spectral properties of the
holoprotein are similar to the action spectrum of phototropism, the bending
response of plants towards light. Blue light-induced redox changes of the FMN
cofactor in Nph1 is thought to regulate autokinase activity (Christie et al., 1999).
Based on the evidence from other PAS proteins, the FAD cofactor in Aer is
also proposed to sense changes in the redox state of the respiratory system,
possibly by protein-protein interactions with an electron transport system
component (Repik et al., 2000). The following findings suggest that the Aer PAS
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domain interacts with a component in the electron transport system: (1) the
inhibitory effect of the Aer-PAS peptide and, (2) the discovery of a partial PAS
domain in a component of the respiratory chain.
4. The inhibitory effect of the Aer PAS domain peptide
Overexpressing the Aer PAS domain and adjacent a-helix (HiS6X-Aer2-i66,
pAVR1) in an aer+ tsr strain (RP5882) interferes with native Aer function (Repik
et al., 2000). This suggested that the Aera-iee peptide was able to compete with
native Aer for an upstream or downstream signaling component. It is unlikely
that the overproduced PAS peptide binds the highly conserved signaling domain
since, Tar-mediated chemotaxis was not inhibited. The PAS domain of Aer may
contain sites for interaction with an upstream component. Residues in the Aer
PAS core that are necessary for aerotaxis may form a contact site for proteinprotein interaction with the upstream component.
5. Partial PAS domain identified in NADH Dehydrogenase I
PAS domains are found in an extensive group of proteins (> 300 proteins)
from all cellular divisions of life (Zhulin et al., 1997a; Ponting and Aravind, 1997;
Zhulin and Taylor, 1999). Interestingly, NuoE, a subunit of NADH
dehydrogenase I (Complex I) in E.coli contains a partial PAS domain in its Cterminus (I.Zhulin, personal communication) (Fig. 5.1.).
NADH dehydrogenase I (NDHI) is a 14 subunit complex encoded by the nuo
operon at 49 min that couples electron transfer from NADH to ubiquinone
(Calhoun and Gennis, 1993; Weidner et al., 1993) (Fig. 5.2.). The NuoE subunit
has a redox potential of -430 mV and is part of the soluble NuoEFG peripheral
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Fig. 5.1. Presence of a partial PAS domain in the
NuoE subunit of NDH1. Identical amino acids are in
reverse contrast and similar amino acids are
shaded. The horizontal line indicates residues in
the PAS core. Asterisks indicate sites for
attachment for 4-hydroxycinnamic acid in PYP and
putative 2Fe-2S clusters in NuoE. Swiss-Prot
accession numbers: P16113, PYP; P50466, Aer;
P33601, NuoE. Adapted from Taylor and Zhulin,
1999.
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Fig. 5.2. Schematic showing subunit topology of NADH Dehydrogenase I (NDH1).
The relative sizes are not to scale. Subunits are labeled by their one letter
designation. Redox potentials of prosthetic groups are indicated. The arrows
indicate the proposed route of electron transfer between subunits. 2Fe2S,
binuclear iron sulfur cluster; 4Fe4S, tetranuclear iron sulfur cluster; FMN, flavin
mononucleotide; Q, quinone pool. Adapted from Gennis and Stewart, 1996.
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fragment, which is thought to represent the site of NDHI that accepts electrons
from NADH and subsequently transfers them to the H-l membrane arm (Braun et
al., 1998; Freidrich, 1998). The NuoEFG fragment contains NADH and FMN
binding sites and at least 2 binuclear 2Fe-2S (iron sulfur) clusters and 2
tetranuclear 4Fe-4S (Leif et al., 1995; Freidrich, 1998). The overproduced,
soluble NuoEFG fragment possesses NADH oxidase activity and can transfer
electrons from NADH to ferricyanide with the same Km values as the entire
complex. The NuoEFG fragment also catalyzes the reduction of water-soluble
ubiquinone analogues with a lowered affinity, indicating the presence of nonphysiological binding sites (Leif et al., 1995). The nuoE gene contains a cysteine
iron-sulfur motif in its partial PAS domain that is thought to bind a 2Fe2S cluster,
but is unable to be reduced with NADH (Ohnishi, 1993, Sled et al., 1993;
Weidner et al., 1993). Electron transfer from the binuclear iron sulfur center in
NuoE to Aer’s FAD cofactor may begin the aerotaxis signal transduction
cascade.
6. NADH Dehydrogenase I
6.1. Overview
The aerobic respiratory chain of E.coli consists of three types of respiratory
components: (i) substrate specific dehydrogenases, which carry out the oxidation
of organic substrates and feed electrons into the mobile quinone pool; (ii)
membrane soluble quinones which deliver reducing equivalents to the terminal
oxidoreductases; and (iii) terminal oxidoreductases, which reduce the terminal
acceptors being utilized (Gennis and Stewart, 1996). There is no c-type
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cytochrome, cytochrome c reductase, or cytochrome c oxidase in aerobically
grown E.coli. The aerobic respiratory chain can function with either of two
different membrane bound NADH dehydrogenases (NDH-I and NDH-II) and with
either of two cytochrome oxidases (bo-type or bcf-type). This apparent
redundancy was explained when different components were shown to perform
distinct tasks (Calhoun et al., 1993).
The two primary dehydrogenases differ in their ability to translocate protons
into the periplasm, their bioenergetic efficiency, NADH oxidase activity and
expression pattern (Calhoun and Gennis, 1993; Calhoun et al., 1993; Bongaerts
et al., 1995; Green et al., 1997; Wackwitz et al., 1999). Matsushita et al., (1986),
were the first to definitively demonstrate two independent NADH
dehydrogenases by identifying that NDHI can oxidize deamino-NADH as well as
NADH while NDHII can only oxidize NADH. NDHI is a primary proton pump that
translocates two protons per electron whereas, NDHII is a non-proton pumping,
single polypeptide enzyme with FAD as the only redox group (Jaworowski et al.,
1981a,b). Proton translocation from the negative cell interior to the exterior by
NDHI generates the membrane potential which is used to drive ATP synthesis,
solute transport and flagellar rotation.
Overall, two electron transfer reactions are coupled to pmf generation: NADH
-> ubiquinone and ubiquinol

O2 . The midpoint redox potentials at pH 7 {Emj)

of the electron donor and acceptor couples in the respiratory chain are -320 mV
(NAD+/NADH), -74 mV (menaquinone/menaquinol), +113 mV
(ubiquinone/ubiquinol) and +820 mV (V2 O2 / H2‘) (Thauer et al., 1977). The
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two terminal oxidases of E.coli also differ in their proton per electron translocation
(H+/e") ratio. The bd-oxidase has an H+/e' ratio of 1 while the do-oxidase has a
ratio of 2 H+/e\ By varying the electron flux through different components, the
H+/e‘ can range from 4 to 1 (Calhoun et al., 1993). Exclusive use of the proton
translocating NDHI increases bioenergetic efficiency by increasing net ATP yield
per oxidized glucose (Calhoun et al., 1993).
The theoretical maximum proton motive force (Ap) generated by passing
electrons (n) through a redox span of AE is inversely proportional to the number
of protons (m) translocated during electron transport (mAp = nAE) (Gennis and
Stewart, 1996). Proton motive force may be reduced when electron flux is
directed primarily through NDHI instead of NDHI I. However, Ap has not been
accurately measured in nuo and ndh2 strains. And, predictions are not
straightforward because the actual intracellular concentrations of products and
reactants is not known and, the kinetic parameters of electron transfer and the
degree of coupling may vary (R. Gennis, personal communication). NDHII is
used preferentially during aerobic growth due to higher NADH oxidase activity
while, NDHI is essential during anaerobic growth with fumarate or DMSO (Unden
and Bongaerts, 1997). In contrast to earlier assumptions, there was only a minor
drop in Ap (-160 mV to -140 mV) when cells are switched from aerobic to
anaerobic growth (Tran and Unden, 1998).
6.2. Expression pattern
The respiratory system components are modular and their expression can be
fine- tuned with respect to growth conditions, oxygen, electron acceptors and
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protein regulation. Dehydrogenase expression is not regulated to maximize
energy conservation but to maximize metabolic flux with low coupling coefficients
and, increase growth rates and NAD+ turnover (Calhoun et al., 1993). The nuo
operon in E.coli is controlled by oxygen and nitrate via the ArcA (anaerobic
respiration control A) and FNR (regulator of fumarate & nitrate reduction) and,
NarL (nitrate reductase L) regulons, respectively and IMF (integration host factor
from the RpoS regulon) (Unden and Bongaerts, 1997; Unden, 1998). Expression
from the nuo operon is upregulated by NarL, nitrate and fumarate and, repressed
by ArcA and IMF during anaerobiosis or fermentation (Bongaerts et al., 1995).
The ndh gene is anaerobically repressed by FNR and enhanced by Arr (amino
acid response regulator) and Nbp (ndh-binding protein) in the absence of FNR
(Green et al., 1996,1997; Meng et al., 1997).
The nuo and ndh2 genes are also subject to a complex growth-phase
dependent regulation. Fis (factor of inversion stimulation) stimulates nuo
expression at early and late exponential and, stationary growth phases
(Wackwitz et al., 1999). IMF and Fis repress ndh2 in late growth phase (Green et
al., 1997). Cells at the onset of growth in early exponential phase and during
starvation in stationary phase have high ATP requirements and hence NDH I is
preferred due to the enzyme’s higher bioenergetic efficiency (Zambrano and
Kolter, 1993; Wackwitz et al., 1999). For the same reason, anaerobic growth
with fumarate and nitrate requires NDHI. During aerobic exponential growth,
high flux rates are important and NDHII is the dominant dehydrogenase.
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6.3. Nuo' phenotype
The nuo genes are transcribed from an operon and cells utilize a feedback
mechanism to regulate expression. Mutations in individual genes of the nuo
operon prevent transcription of downstream genes and assembly of the entire
complex (Falk-Krzesinski and Wolfe, 1998). NuoG is thought to affect promoter
activity although it is not known whether this effect is direct. Deletion or
duplication of the C-terminal region (CTR) in NuoG inhibits Complex I function
and a role in complex stability and cofactor incorporation has been proposed for
the NuoG homolog in Paracoccus dentifricans (Yano et al., 1996). Thus, the
assembly of Nuo subunits is coordinated to ensure proper expression and
assembly of a functional complex I. The different nuo subunit mutants exhibited
a pleiotropic phenotype; they lost the ability to produce the inner L-aspartate ring
on tryptone semi-soft plates, grew poorly on minimal salts media with acetate as
a sole carbon source and, abruptly decelerated their growth at mid-logarithmic
phase (Pru(3 et al., 1994; Falk-Krzesinski and Wolfe, 1998). The growth defect
was entirely suppressed by L-serine or D-pyruvate, partially suppressed by
a-ketoglutarate or acetate and not suppressed by L-aspartate or L-glutamate.
Based on these observations, a study postulated that NDHI mediates a critical
metabolic switch and cells defective in NDHI exhibited these phenotypes
because large NADH/NAD+ ratios inhibit key enzymes shared by the tricarboxylic
acid cycle (TCA) and glyoxylate shunt (Prup et al., 1994).
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7. Experimental Strategy
Previous studies illustrated the importance of NDHI in respiration
bionenergetic efficiency, growth and metabolism. However, the role of the
primary dehydrogenase in aerotaxis responses has not been studied. This is the
first study that specifically explores the influence of NDHI on aerotaxis
responses. Mutants that are defective in different subunits of the NDHI complex
were assayed for aerotaxis. Next, mutants defective in NDHI and Aer and/or Tsr
were created and assayed for specific changes in Aer or Tsr mediated aerotaxis.
The ability of Aer or Tsr overexpression to modulate Aer mediated responses in a
nuo tsr mutant was also studied. Another isogenic set of nuo, ndh and nuo ndh
mutants (obtained from Robert Gennis, University of Illinois, Urbana, Illinois)
were also assayed to determine the role of NDHII in aerotaxis.
B. Results
1. Behavior of nuo mutants
Strains containing mutations in different subunits of NDHI were assayed for
defects in growth, aspartate ring formation and aerotaxis responses. An isogenic
collection of nuo mutants was obtained from Alan Wolfe (University of Loyola,
Illinois). A genetic analysis of the nuo locus revealed that these mutants are
defective in exponential growth, aspartate ring formation in tryptone media and
deamino NADH oxidase activity (Falk-Krzesinski and Wolfe, 1998).
The growth rates of nuo mutants {nuoB::kan, AnuoF-L, nuoF::tet, nuoH::kan,
nuoN::kan) and an isogenic wild type was examined in tryptone broth. An
overnight culture of cells grown in LB media was diluted 10‘2 in fresh tryptone
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broth and cells were grown with vigorous aeration at 30° C. Growth was
monitored as a function of optical density versus time. Prior to mid-exponential
phase, the wild type and mutant cells grew at similar rates. However at O.D.eoo
of 0.3, nuo mutants abruptly reduced their growth rate whereas, wild type cells
continued to grow at rapid rates (Fig.5.3.). The nuo mutants had a doubling time
of approximately 220 minutes whereas the wild type doubled every 165 minutes.
The nuoN::kan mutant had a doubling time of 160 minutes however, it did not
grow significantly beyond O.D.eoo of 0.6. The doubling time after O.D.eoo of 0.6
was 2,410 minutes.
The set of nuo mutants and wild type strain were assayed for L-aspartate ring
formation on tryptone semi-soft plates containing 0.2% agar. Mutant and wild
type cells were inoculated at the center of TB swarm plates and incubated at 30°
C until the outer ring approached the edge of the plate. Wild type cells formed
both the serine and aspartate rings. As described previously by Prup et al.
(1994), all the nuo mutants failed to produce an inner L-aspartate ring but
retained the ability to form an outer L-serine ring. The nuo mutant was
inoculated on a swarm plate adjacent to a wild type or tsr mutant to determine
whether nuo cells produced a single serine ring. Cells swarm outwards and form
a ring at a preferred stimulus concentration. Rings from two separate strains will
fuse if they are sensing the same stimulus. If the 2 strains are sensing different
stimuli, the rings will cross over and not fuse. The nuo mutants formed a single
ring that fused with the outer serine ring of wild type cells and intersected the
aspartate ring produced by ter cells (Fig 5.4.).
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Fig. 5.3. Growth curve of nuo mutants in tryptone broth.
Cells were diluted 10'2 in TB and grown at 30° C. Growth
was monitored as a function of optical density versus
time. Wild type CP875 (♦), nuoF-L (*), nuoB ^), nuoF
nuoH fc) and nuoN (•) cells were grown in parallel.
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Fig. 5.4. The behavior of nuo cells on tryptone semi-soft agar.
Cells at mid-logarithmic phase were inoculated in tryptone
semi-soft agar and incubated at 30 °C for 12 hours
A, nuoF-L; B, nuoF-L (left), tsr (right).
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The nuo mutants and isogenic wild type strain were assayed for aerotaxis
behaviors in a temporal aerotaxis assay and in the spatial capillary and succinate
swarm plate assays. Spatial aerotaxis responses were also examined in semisoft plates with malate as a carbon source. Succinate bypasses NDHI and
enters electron transport at the quinone pool whereas, in malate metabolism
electrons are directly donated to NDHI (Gennis and Stewart, 1996). Early
logarithmic phase cells were spotted on the center of a succinate or malate semisoft minimal media plate. The swarm pattern was identical in succinate and
malate semi-soft plates. All the nuo and wild type cells formed an inverted
saucer shaped swarm with a concentric ring on the upper and lower layer of the
swarm (Fig.5.5.). This swarm pattern is similar to that of wildtype RP437, a
standard Che+ strain. The swarm diameters of the different nuo mutants varied
from those of the wild type. The wild type strain had a diameter of 46 mm,
nuoB::kan of 39 mm, AnuoF-L of 41 mm, nuoF::tet of 24 mm, nuoH::kan of 35
mm and nuoN::kan of 24 mm.
The nuo and wild type cells were assayed in capillary assays for band
formation in spatial gradients of oxygen. The nuoF-L and nuohl mutants formed
bands at similar distances from the meniscus as the wild type. The nuoB and
nuoN mutants banded further away from the meniscus. The duration for band
formation was unaffected by the nuo mutations.
Cells at early logarithmic phase in tryptone broth (O.D.eoo = 0.3) were assayed
in the temporal oxygen gradient assay. Wild type cells swam smoothly for
136+12 s when oxygen concentration was increased from 0 to 21% and tumbled
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Fig.5.5. Comparison of aerotaxis responses of nuo
mutants in succinate semi-soft agar.Cells in midlogarithmic phase were inoculated in the center of a
succinate semi-soft agar plate and incubated at 30 °C
for 30 hours. A, nuoB::kan\ B, nuoF::Tet\ C, nuoH::kair,
D, nuoN::kan\ E, nuoF-L; F, wild type.
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for 42+2 s in response to a 21 to 0% oxygen decrease. The AnuoF-L mutant
behaved similarly to the wild type, with 130+5 s smooth swimming and 46+2 s
tumbling in response to an oxygen increase and decrease, respectively (Table
5.1.). The nuoB::kan, nuoH::kan and nuoNr.kan mutants had a 20% reduction in
smooth swimming response relative to wild type cells while, the tumbling
response to oxygen decrease remained unaffected. The nuoF::tet mutant
exhibited a 30% reduction in smooth swimming response relative to wild type
cells while the tumbling response did not vary from wild type.
2. Aerotaxis responses in nuo tsr, nuo aer and nuo aer ter strains
The nuo tsr, nuo aer and nuo ter aer constructions were made in the AnuoF-L
background that contains a large inframe deletion of 6 different subunits. The
aer-2::kan knockout was generated in wild type and nuo cells by allelic exchange
to yield isogenic aer-2::kan and AnuoF-L aer-2::kan strains. The knockout was
confirmed by PCR of genomic DNA. The Atsr7021-Thr+ marker was transduced
into wild type, AnuoF-L and AnuoF-L aer cells to yield isogenic Atsr, AnuoF-L tsr
and AnuoF-L aer ter strains. The resulting set of strains were evaluated for
growth defects, aspartate ring formation and aerotaxis as described above.
The isogenic ter strain lost the ability to form the L-serine ring and formed a
sole L-aspartate ring. Prup et al., (1994) found that nuo ter cells regain the ability
to form an L-aspartate ring. The nuo ter cells formed a single ring that fused with
the aspartate ring formed by ter cells and intersected the serine ring formed by
the parental nuo cells (Fig.5.6.). The isogenic aer mutant formed both serine and
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Table 5.1. The aerotaxis responses of wild type and nuo mutant strains in
temporal oxygen gradients.
Strain

Response time (s)

Relevant Genotype

O2 decrease, 21-0%

O2 increase, 0-21%

(tumbly)

(smooth)

CP875

wild type

42 + 2

136 + 12

CP938

nuoF-L

46 + 2

130 + 5

AJW844

nuoB::kan

39 + 4

112 + 7

AJW851

nuoF::tet

41+5

98 + 6

AJW845

nuoH::kan

40 + 9

106+11

AJW847

nuoN::kan

43 + 4

108 + 9

Response time was measured as the time interval required for 50% of the
bacteria to return to prestimulus behavior. The results shown are mean + SD
calculated for two independent experiments with three replicates in each.
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Fig. 5.6. The phenotype of nuo fsr mutants on tryptone
semi-soft agar. Cells at mid-logarithmic phase were
inoculated in the center of a tryptone semi-soft agar plate
and incubated at 30° C for 10 hours. The nuo fsr cells form
a single aspartate ring that intersects the serine ring
formed by nuo cells (A) and, fuses with the aspartate ring
of tsr cells (B). A, nuoF-L (left) and nuoF-L tsr, B, nuoF-L
ter (left) and ter (right).

224

LO

Cn
CNJ

aspartate rings while the nuo aer mutant only formed a serine ring. The aer tsr
strain only formed the L-aspartate ring.
The fsr and nuo tsr mutants lost the ability to form an upper aerotaxis ring on
succinate swarm plates (Fig. 5.7.). The aer, nuo aer, aer tsr, nuo aer fsr strains
failed to form both the upper and lower swarm ring as reported earlier for other
aer mutant strains (Bibikov et al., 1997; Rebbapragada et al., 1997). As observed
in previous experiments, the upper ring formation is due to Tsr while lower ring
formation is due to Aer. Since Aer and Tsr are independent transducers for
aerotaxis, loss of Tsr did not cause the defect in Aer-mediated behavior
(Rebbapragada et al., 1997).
The nuo fsr and nuo aer fsr strains had a tumbly steady state swimming bias
while, the aer, nuo aer and fsr strains retained random swimming during steady
state conditions. The aer, nuo aer and fsr mutants lost approximately 50% of
aerotaxis responses to an oxygen increase while the isogenic nuo tsr mutant lost
approximately 60%. A short inverse response was observed in nuo aer tsr cells
(Table 5.2.).
In addition to measuring the temporal aerotaxis responses, the redox taxis
responses of the wild type, nuo, nuo aer, nuo tsr, tsr, aer, aer fsr and nuo aer tsr
mutants to the repellent 1,4 benzoquinone were measured (Table 5.3.). Cells
grown in tryptone buffer to an optical density of 0.3 were washed and
resuspended in chemotaxis buffer (10 mM K-phosphate, 0.1 mM EDTA pH 7.0)
supplemented with 20 mM succinate. The wild type tumbled for 240 s in
response to 5 }iM 1,4 benzoquinone while redox responses were completely
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Fig. 5.7. Comparison of aerotaxis responses in
succinate semi-soft agar. Cells at mid-logarithmic
phase were inoculated in succinate semi-soft agar and
incubated at 30 °C for 30 hrs. A, clockwise from upper
left: nuoF-L tsr, nuoF-L, tsr, nuoF-L aer tsr, aer tsr
(center); B, aer, C, nuoF-L aer.
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Table 5.2. The aerotaxis responses of wild type and nuo mutant strains in
temporal oxygen gradients.
Strain

Response time (s)

Relevant Genotype

O2 decrease, 21-0%
(tumbly)

O2 increase, 0-21%
(smooth)

CP875

wild type

40 + 1

125 + 7

CP938

nuoF-L

43 + 1

125 + 6

BT3341

aer-2::kan

32 + 1

68 + 1

BT3343

nuoF-L aer-2::kan

38 + 2

57 + 9

BT3342

tsr

19 + 1

78 + 3

BT3344

nuoF-L tsr

29 + 5

60 + 4

BT3345

aer-2::kan tsr

NR

NR

BT3346

nuoF-L tsr aer

~10 (smooth)

~5 (tumbly)

Response time was measured as the time interval required for 50% of the
bacteria to return to prestimulus behavior. The results shown are mean + SD
calculated for two independent experiments with three replicates in each.
NR, no response.
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Table 5.3. The behavioral responses of wild type and mutant E.co//strains in
redox gradients.
Strain

Relevant Genotype

Quinone,* 5 uM

CP875

wild type

>240 (tumbly)

CP938

nuoF-L

>240 (tumbly)

BT3341

aer-2::kan

96 + 9 (tumbly)

BT3343

nuoF-L aer-2::kan

>200 (tumbly)

BT3342

tsr

>200 (tumbly)

BT3344

nuoF-L tsr

>200 (tumbly)

BT3345

aer-2::kan tsr

NR

BT3346

nuoF-L tsr aer

39 + 1 (smooth)

Response time was measured as the time interval required for 50% of the
bacteria to return to prestimulus behavior. The results shown are mean + SD
calculated for two independent experiments with three replicates in each.
*1,4 benzoquinone.
NR, no response.
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abolished in aertsr. The nuo, fsr and nuo fsr strains retained over 90% of redox
responses. The aer mutant lost approximately 60% of its redox responses.
Surprisingly, the nuo aer mutant retained also retained redox responses. The
nuo aer fsr strain swam smoothly for approximately 40 s in response to 1,4
benzoquinone. These results indicate that in the absence of nuo, aer and tsr,
another chemoreceptor transduces aerotaxis signals.
3. Behavior of an isogenic set of nuo, ndh2 and nuo ndh2 mutants
To ensure that these results are not strain specific, another set of isogenic
nuov.tet (MWC190), ndh2::cam (MWC215) and nuor.tet ndh2::cam (MWC232)
mutants were screened for changes in swarming and aerotaxis. These strains
were donated to Igor Zhulin by Robert Gennis, University of Illinois, Urbana. In
tryptone plates the nuo::tet, ndh2::cam and nuo::tet ndh2::cam mutants only
formed the serine ring. Rings formed by the ndh2::cam and nuo ndh2 mutants
were very fuzzy relative to wild type or nuor.tet (Fig. 5.8.).
On succinate swarm plates, the nuo::tet and ndh2:cam mutants behaved like
the nuo mutants; the mutant formed a sharp ring in the upper and lower swarms.
This indicated that both Aer and Tsr mediated responses are also intact in the
ndh2 mutant. The nuo ndh2 mutant formed a cylindrical swarm with a hazy
bottom ring and no upper ring (Fig. 5.9.). In temporal aerotaxis assays, the
nuo::tet mutant behaved identically to the nuoF-L strain. The ndh2 and nuo ndh2
cells had a very smooth bias and displayed short responses to oxygen increase
and decrease. It is possible that Aer-mediated responses are diminished in the
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Fig. 5.8. Phenotype of nuo, ndh and nuo ndh
cells on tryptone semi-soft agar. Cells at midlogarithmic phase were inoculated in tryptone
semi-soft agar and incubated at 30 °C for 12
hours (A,C) or 24 hours (B,D). A,B: nuor.tet (left)
and nuoF-L (right); C,D: nuo::tet ndh::cam (left)
and ndhr.tet (right).
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Fig. 5.9. Aerotaxis responses of nuo, ndh and nuo ndh
cells in succinate semi-soft agar. Cells at mid-logarithmic
phase were inoculated in a succinate semi-soft agar plate
and incubated at 30 °C for 30 hours. A, nuo::tet\ B,
nuor.tet ndh::cam; C, ndh:cam.
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absence of NDH2. Chemotaxis must be measured in this strain to rule out the
possibility of defects in chemotaxis components.
C. Discussion
Aer mediated responses were intact in nuo fsr cells and indicated that Aer
does not require NDHI to sense changes in redox of the electron transport
system. This indicates that NDHII can maintain respiration and conditions for
electron transfer to the Aer-FAD complex. Since an aerotaxis ring is present in
ndh2 cells, NDHII is not solely responsible for maintaining Aer function. The next
step would be to determine whether nuo ndh2 tsr cells lack Aer mediated
aerotaxis. If Aer mediated responses are intact in nuo ndh2 ter cells in the
presence of succinate, this would suggest that electron flow to the quinones from
succinate dehydrogenase is sufficient for aerotaxis.
Quinones are lipid soluble molecules that mediate electron transfer between
dehydrogenases and reductases or oxidases. The Aer-FAD complex may form
transient contacts with quinones for electron exchange without protein interaction
with electron transport system components. E.coli synthesizes three types of
quinones: ubiquinone, menaquinone and demethylmenaquinone (Gennis and
Stewart, 1996). Ubiquinone, with a redox potential of +113 mV, is synthesized
and used primarily during aerobic respiration. Menaquinone has a redox
potential of-74 mV and donates electrons to lower potential electron acceptors
such as nitrate or fumarate (Wallace and Young, 1977). The role of ubiquinone or
menaquinone in Aer mediated behaviors can be determined in ubiA or menA
cells, respectively.
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Recent studies in this laboratory by Roy and Johnson indicate that oxygen
and glucose control aer expression. Aer protein was not detected in anaerobic
cultures grown in the presence of glucose and glycerol. The pattern of Aer and
Tsr expression in relation to the expression and use of electron transport
components may offer some clues as to what electron transport system
component interacts with Aer. For a future study, LacZ reporter gene fusions to
the aer and fsr promoter are being constructed in the Gunsalus laboratory and
expression during different conditions will be assayed according to Bongaerts et
al., (1995). One would expect that Aer is expressed aerobically and
anaerobically since, aerotaxis responses are retained in the absence of oxygen
with alternate electron acceptors.
The behavior of the nuo mutants in tryptone broth supports the observations
made by Falk-Krzesinski and Wolfe (1998). When NDHI subunits are deleted or
mutated aerotaxis responses were not diminished. Responses to an oxygen
decrease and quinone were intact in the nuo aer strain. The results suggest that
Tsr is an independent sensor that does not receive signals from NDHI. It is
possible that Tsr overcompensates for aerotaxis when Aer and NDHI are
missing. Theoretically, exclusive use of NDHII should cause an increase in pmf,
although this has not been measured empirically (R. Gennis, University of Illinois,
personal communication). Tsr is postulated to act as a pH sensor (Krikos et al.,
1985; Rebbapragada et al., 1997). Perhaps, increased proton motive force due
to increased electron flux through NDHII use causes Tsr to signal a longer
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aerotaxis response. Future studies could explore the effect of ndh2 aer
mutations on Tsr mediated signaling.
Adding benzoquinone to nuo aer tsr ce\\s caused an inverted response. The
paradoxical inverse response by nuo aer tsr may be due to changes in proton
motive (relative to wild type levels) and increased NDHII usage in the absence of
NDHI. Since Tar is a potential pmf sensor that signals in an equal magnitude but
in an oppposite direction to Tsr, it is possible that in the absence of Tsr, Tar
preponderates an inverse response (I. Kawagishi, University of Nagoya, personal
communication). Tsr and Tar are present at 2000 and 1000 copies per cell
respectively (Hazelbauer and Engstrom, 1981). Aer is approximated to be
present at 100-300 copies per cell (S. Bibikov, University of Utah and M.
Johnson, LLU, personal communication). If Tar mediates an inverse redox
response then, its high copy number would allow it to preponderate in the
absence of Aer or Tsr mediated signals in nuo aer tsr cells. A simple experiment
to address this hypothesis would be to overexpress Tar in the nuo aer tsr strain
and measure changes in the magnitude and orientation of the aerotaxis
response. If this hypothesis is true, then Tar overproduction should lengthen
tumbling responses to an oxygen increase and smooth responses to quinones.
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CHAPTER SIX

VI. Other studies
A. Identification of proteins that interact with Aer using the yeast two hybrid
system
1. Rationale
The PAS domain of Aer is postulated to detect changes in redox state by
interacting with an electron transport system component. The C-terminus of Aer
contains a domain that is homologous to the highly conserved signaling domain
(HCD) found in all bacterial chemoreceptors that interacts with CheA and CheW
(Rebbapragada et al., 1997). The yeast two hybrid system was used to screen
the E. coli genomic library in an attempt to identify an upstream component that
transmits redox status to Aer and to confirm that Aer interacts with the
CheA/CheW proteins.
The yeast two hybrid assay is based on the GAL4 eukaryotic trans-acting
transcription factor that has a DNA-binding domain (DNA-BD) that binds a
specific enhancer-like sequence (upstream activating sequence or UAS), and an
activation domain (AD) directs the RNA polymerase II complex to transcribe the
gene(s) downstream of the UAS (Ma and Ptashne, 1987; Heslot and Gaillardin
1992). Protein interactions between the DNA-BD and AD are required to activate
transcription of yeast reporter genes.
For two hybrid analysis, the BD is fused to a protein of interest (X) to create a
“bait”, and the AD is fused to another protein (Y) to create a “prey”. These hybrid
constructs are expressed in yeast cells containing one or more reporter genes
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(such as beta-galactosidase (lacZ) or histidineS, {HIS3)). If the X and Y proteins
interact in vivo, their interaction brings the AD and BD domains together, creating
a functional transcriptional activator that “turns on” expression of reporter genes
(Fields and Song, 1989; Chien et al., 1991; Fields and Sternglanz, 1994).
The two hybrid is a sensitive system that has detected protein interactions in
prokaryotic and eukaryotic cells and has the advantage of screening an entire
genomic library or two candidate proteins. Furthermore, since protein
interactions are detected in the native environment of the cell, protein purification
is not necessary.
2. Experimental Strategy
In this study, I fused the GAL4 DNA-binding domain of pGBT9 to the fulllength aer gene (pAR1, Aer-i^oe), the N-terminus and transmembrane region
(pAR2, Aeri-28o) and the soluble N-terminus (pAR3, Aer-Mee). These bait vectors
were used to screen the prey, an entire E.coli genomic library of activation
domain hybrids (pGADIO; Clonetech MATCHMAKER Library, Clonetech
Laboratories, Palo Alto, California). Protein interaction was detected by the
activity of the lacZ-his3 reporter genes in the Y190 strain (lacZhis3~). Prior to
performing the screen, I established that the bait vectors or the AD-vectors do
not autonomously activate the lacZ-his3 reporter system. In addition, I
determined the amount of 3-aminotriazole (3-AT) needed to suppress the leaky
expression of HISS by Y190 cells.
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3. Results
3.1. Co-transformation efficiency
The co-transformation efficiency of Y190 yeast cells was measured by
transforming competent Y190 cells with different amounts of AD and BD-vectors
in a 1:2 molar ratio. Tryptophan+ (Trp+) and leucine+ (Leu+) transformants were
counted to calculate transformation efficiency of bait and prey vectors,
respectively. Co-transformation efficiency was calculated as colony forming units
(cfu) per pg DNA used. The results indicated that 1.5 pg total DNA (0.5 pg AD
vector: 1 pg BD vector) yielded the most colonies (300 on 1:10 dilution plate),
efficiency was 3000 cfu per pg DNA.
3.2. Library screen
The entire E.coli K-12 genomic DNA-AD library was screened for potential
interactions with the full length aer gene. The Clonetech MATCHMAKER E.coli
genomic library contains 1 x106 independent clones and represents the entire
E.coli genome cloned in 3 possible reading frames. In order to test interactions
with every construct in the library, 3x106 clones should be screened. A large
batch transformation was performed to screen at least 1x106 independent ADconstruct clones (Chapter II).
The library screen yielded several Trp+ Leu+ His+ colonies with a
transformation efficiency of 150 cfu per pg DNA and an estimated 880,000 ADvector clones were screened. His+ colonies suggested that interaction between
the “bait” and “prey” restored transcription of the lacZ-his3 reporter genes.
Subsequent screens for LacZ or beta-galactosidase activity detected six faint
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blue colonies after several hours of incubation in the indicator solution. These
colonies were restreaked on SD plates lacking Trpand Leu and SD plates
lacking Trp Leu His plates and reassayed for LacZ expression. None of the
colonies turned blue, indicating that lacZ transcription was not activated and
these colonies were false positives.
3.3. Protein interaction with Aer sub-domains
Transcription of the lacZ and his3 genes is activated when two interacting
proteins traverse the yeast nuclear membrane and bind the upstream activating
sequence (UAS) (Fields and Song, 1989). Translocation of the full length Aer
protein into the yeast nuclear membrane may be prohibited by the
transmembrane sequence of Aer. Truncated Aer-BD constructs (pAR3 and
pAR4) were used in subsequent screens to improve translocation across the
yeast nuclear membrane.
A small-scale co-transformation of the pAR3 or the pAR4 bait vectors had an
efficiency of 8 cfu per pg DNA and screened 4000 independent clones. Several
small and medium size colonies were observed on SD trp-leu-his- plates,
indicating that protein interaction with the bait restored reporter gene expression.
However, none of the transformants displayed blue color in the betagalactosidase assay after two hours incubation. The His+ transformants could be
cells with leaky HISS expression in the presence of 25 mM 3-AT.
4. Discussion
The screens did not identify two proteins that are expected to interact with Aer
in vivo (CheA and CheW). Since yeast and bacterial post-translational protein
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modifications differ, it is possible that in the yeast cell the two interacting bacterial
proteins were not folded properly to permit interaction (Phizicky and Fields,
1995). If Aer was misfolded, (1) the FAD cofactor may not have incorporated into
the holoprotein or, (2) epitopes for protein interaction may not be properly
exposed. Alternatively, even if a protein interacted with Aer, the complex may
not have translocated through the yeast nuclear membrane to contact DAS
elements for the GAL4 and HISS reporter genes. Translocation into the yeast
nuclear membrane may have been impeded by (1) the hydrophobic
transmembrane sequence in Aer or, (2) the large size of the protein complex. In
another scenario, the Aer-GAL4 BD fusion may be misfolded such that
interaction with the DAS elements was occluded. Lastly, some types of proteinprotein interaction may not be detectable in a GAL4-based system but may be
detected in a LexA system—and vice versa.
Overproducing Aer or another protein expressed by the AD vector may have
been toxic to the yeast cell and prohibited growth. Toxicity due to Aer
overexpression was assayed by measuring the growth rate of Y190 cells with
and without pAR1 (Aer-i.soe-BD). In addition, the Aer constructs were made in the
pGBT9 expression vector, a low copy number plasmid which should alleviate
dose-dependent toxicity problems. Alternatively, it is possible that the proteins
expressed from the genomic library are not expressed at high levels. Since
protein expression was not measured, it may be possible that either the Aer
constructs or the interacting proteins are not stably expressed in the yeast cell.
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Future studies with the yeast two hybrid system must demonstrate that Aer
interacts with CheA or CheW to establish that this system is suitable to study
Aer-mediated protein interactions. If this system fails, there are other genetic,
biochemical and behavioral assays that may be employed to identify a protein
that signals to Aer.
Extragenic suppressor or second site suppressor analysis is a classical
genetic method for identifying interactions among chemotaxis components (Liu
and Parkinson, 1991). Suppressor mutations are mutations that partially or fully
correct the phenotype caused by an original mutation. Extragenic suppressor
mutations are often found in genes whose protein products physically interact
with the protein containing the original defect (Jarvik and Botstein, 1975). The
original mutation in gene A inhibits interaction while, a suppressor mutation in
gene B restores interaction by producing a compensating alteration in the
structure of the B protein. For this procedure, Aer alleles with a null phenotype
(constructed by cysteine replacement or random mutagenesis) can be introduced
in trans into an aer strain and aerotaxis revertants can be isolated by screening
transformants on succinate swarm plates. Extragenic suppressors can be
identified by isolating and sequencing fragments of genomic DNA that suppress
the null aerotaxis phenotype. Suppressor mutations affecting protein-protein
interactions are allele specific.
An example of a biochemical technique that can detect protein-protein
interactions is in chemical cross-linking with a bifunctional agent, such as Traut’s
reagent (Traut et al., 1989). Affinity chromatography and immunoprecipitation
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are other widely used biochemical techniques that utilize an immobilized protein
resin or antibody to detect interacting proteins.

B. Effect of GroESL chaperonins on Aer solubility
1. Rationale
The aim of an ongoing project in the Taylor laboratory is to purify the Aer
protein under native conditions and resolve the three dimensional structure by xray crystallography. Difficulties in obtaining large amounts of purified Aer protein
are a major obstacle to this goal. Overproducing the full length or truncated Aer
causes the protein to form inclusion bodies, and little or no soluble protein is
observed. Overexpressing truncated constructs that lacked the hydrophobic
transmembrane sequence also caused inclusion bodies. Although large amounts
of protein can be solubilized from inclusion bodies with urea or guanidine
hydrochloride, the protein may not retain native conformation (Deutscher, 1990).
Thus an effective method for producing large-scale quantities of soluble Aer
protein was sought.
Several measures were taken to promote better folding and reduce
aggregation of overexpressed proteins. Cell cultures were incubated at 30° C
instead of 37° C, larger culture volumes were used, IRTG induction levels were
varied in terms of concentration and duration, different methods of cell
fractionation and different protease inhibitor cocktails were employed. However,
none of these methods used individually or in combination produced significant
amounts of soluble Aer protein.
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Inclusion bodies are thought to form as a result of “inappropriate” proteinprotein interactions during post-translational folding (Schein, 1990; Deutscher,
1990). Proteins tend to aggregate by binding hydrophobic patches on the
protein’s surface. In prokaryotic cells, misfolding during biogenesis and cellular
stress is corrected by molecular chaperonins (Marti, 1996). The bacterial
chaperonin GroEL and its co-chaperonin GroES is the only chaperone system in
E.co//that is essential under all growth conditions (Norwich et al., 1993).
The GroEL and GroES proteins are coexpressed from a common operon
{GroE) in E.coli. GroEL (L for large) contains 14 identical 58 kDa subunits that
are assembled in two heptameric rings stacked back to back. GroES (S for
small) contains seven identical 10 kDa subunits assembled as one heptameric
ring (Norwich, 1993; Xu et al., 1997). The GroESL chaperonin complex forms a
cylindrical structure with two large cavities. A substrate protein with exposed
hydrophobic amino-acid residues binds in the central cavity of the GroESL
cylinder (Fenton et al., 1994). The ring-shaped GroES protein binds the apical
domains of GroEL upon ATP hydrolysis and consequently moves the substrate
protein into the enclosed cavity. Proteins as large as 60 kDa can fit in the
GroESL cavity (Xu et al., 1997).
Studies have shown that coexpression of the GroESL chaperonin complex
increases the solubility and reduces aggregation of overproduced proteins (Lee
and Olins, 1992; Amrein et al., 1995; Yasukawa et al., 1995). In these studies,
the coordinate expression of GroESL and recombinant proteins resulted in
greater soluble protein in a native conformation. The influence of GroESL
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expression on Aer solubility was assayed by coexpressing Aer and the
chaperonins in various strains and, measuring changes in Aer solubility by cell
fractionation and western blot.
2. Experimental Strategy
A plasmid that encodes the GroESL genes in a vector that is compatible with
Aer expression vectors (pProEX; ColE1 origin of replication) was obtained from
Rick Mitchell (Burnham Institute, La Jolla, California). The GroESL genes are
cloned in tandem in a pACYC vector (p15A replicon) under the control of a T/
promoter (Yasukawa et al., 1995). Proteins from plasmids with T7 promoters are
optimally expressed in the BL21 (DE3) strain (Stratagene, La Jolla, California).
This strain carries a DE3 lambda (X) prophage which encodes the T7 RNA
polymerase gene that enhances transcription from the T7 promoter (Studier et
al., 1990). Aer constructs, pAVR1 (Ae^.-iee) or pAVR2 (Aera-soe), and pT-GroE
were introduced singly in BL21 (DE3) and protein expression was measured with
an anti-Aer2-i66 polyclonal antibody and an anti-GroESL antibody, respectively
(donated by Alan Escher, Loma Linda University). BL21 (DE3) cells were then
cotransformed with pAVR1 or pAVR2 and pT-GroE. In parallel, the Aer
constructs were expressed in BT3312 (aertsr). The cells were grown, protein
production induced and fractionated as described in Chapter II. Western blots
were performed on different cell fractions to determine changes in Aer protein
solubility.
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3. Results
3.1. Effect of GroESL on peptide localization
The results showed that the Aer2-166 protein expressed in BL21 (DE3) cells,
localized in the cytoplasm to a greater degree when GroESL was co-produced. In
the absence of GroESL, there is approximately a two-fold decrease in the
amount of pAVR1 protein in the soluble / cytoplasmic fraction, as determined by
band density on the Western blot (Fig. 6.1). However, when Aer2-166 was
expressed in BT3312 cells, the protein localized mainly in inclusion bodies
(debris fraction or low spin pellet) and the membrane fraction (high spin pellet),
and none was present in the soluble fraction (high spin supernatant) (Fig. 6.2).
The Aer2-5o6 protein localized in the debris and membrane fractions in BL21
(DE3) or BT3312. A portion of the Aer2.5o6 peptide also localized in the soluble
fraction when expressed in BL21 (DE3) cells. When GroESL was coexpressed,
the amount of Aer2.5o6 localized in the soluble fraction increased (Fig. 6.3).
3.2. Solubilization of the Aer2_i66 peptide
A portion of Aer2.i66 localized in the membrane fraction when expressed in
BT3312 cells. However, when the membrane fraction was washed with buffers
containing 2M sodium chloride, 1% octyl glucoside or 2% Triton X-100, the Aer2.
166 protein was not solubilized. This indicated that the membrane fraction was
contaminated with inclusion bodies that failed to pellet with low speed
centrifugation (10000 x g).
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Fig. 6.1. The effect of GroESL on the localization of Aer2.166
(29 kDa) in BL21(DE3) cells. BL21(DE3) cells harboring
pTGroE and pAVR1 or pAVR1 alone were fractionated and
assayed by immunblot with anti-Aer2.166 antibody. A, 50 ng
purified Aer2_166; B, BL21/pProEx; HSR, high spin supernatant
(membrane); HSS, high spin supernatant (cytosolic); no
IPTG; +, 1 mM IPTG for 3 hours.
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Fig. 6.2. Subcellular localization of Aer2.166 and Ae^oe
in BT3312 cells. A, BT3312 / pAVR1; B, BT3312 /
pAVR2; LSP, low spin pellet (unbroken cells and
debris); HSR, high spin pellet (membrane); HSS, high
spin supernantant (cytosolic). The apparent molecular
weights of Aer2.166 (29 kDa) and Aer2.506 (60 kDa) are
shown to the left of the immunoblot.
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4. Discussion
Taken together, the results suggest that the truncated protein (Ae^.-me) is
more prone to form inclusion bodies, especially in the aer fsr(BT3312) strain.
Interaction with the C-terminus of Aer may be necessary to stabilize overall
structure and minimize the amount of exposed hydrophobic patches. A few
copies of the full-length protein (Ae^-soe) were able to fold correctly and insert
into the membrane when chaperonins were not overproduced in the BL21 (DE3)
and BT3312 strains. This evidence strengthens the notion that the C-terminus of
Aer may promote proper folding of the nascent polypeptide. Future studies
should assay other truncated constructs to determine the minimal sequence
necessary for proper folding. Preliminary data from S. Herrmann and Q. Ma in
the Taylor laboratory indicate that the Aer2.23i and Aer2-285 peptides can localize
in the soluble fraction when expressed in BT3312 cells.
Proteins expressed in BL21 (DE3) tended to localize in the membrane and
soluble fractions to a greater extent than proteins that were expressed in
BT3312. The BL21 (DE3) strain lacks the Ion and ompT ATP-dependent
protease genes and subsequently, misfolded proteins may be degraded to a
lesser extent and native chaperones may be permitted to refold the peptides.
Coexpressing the GroESL chaperonins in the BL21 (DE3) strains alleviated
inclusion body formation and promoted proper folding of the nascent polypeptide,
as demonstrated by greater localization in the soluble fraction. The Aer2.5o6
protein may localize in the cytoplasm (in BL21 (DE3) / pT-GroE) because it is still
bound to chaperonins prior to membrane insertion. Soluble Aer2.i66 is also likely
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to be bound to chaperonins, although a portion of this soluble protein may be
uncomplexed. N-terminal protein sequencing of the soluble Aer2-166 protein
complex found in BL21 (DE3) cells revealed that GroESL is associated with the
peptide (S. Herrmann, unpublished observation). Studies are currently under
way in the Taylor laboratory to release the GroESL complex from Aer2-166 while
retaining native conformation.
A recent study discovered that proteins with several ap domains (especially
the two layer ap sandwich) contain exposed hydrophobic surfaces that form highaffinity contacts with the apical domain of GroEL in vivo (Houry et al., 1999).
Structurally labile ap proteins may be misfolded or are partially unfolded, and
these proteins may continually require GroEL for conformational maintenance
and refolding. PAS domains from phylogenetically distant organisms share a
distinctive ap fold with a five-stranded antiparallel p barrel core and molecular
modeling of Aer also generated a similar structure (Borgstahl et al., 1995; Gong
et al., 1998; Morais Cabral et al., 1998; Repik et al., 2000). Thus the PAS
domain fold may be a preferred substrate for GroESL in vivo.
Furthermore, a recent study showed that hypoxia inducible factor-a (Hif-a), a
PAS-domain containing oxygen sensor in humans, requires heat shock protein
90 (Hsp90), a eukaryotic molecular chaperone for activation and nuclear
translocation (Minet et al., 1999). Given these observations, it is tempting to
speculate that Aer is a relatively unstable protein that is highly dependent on
GroEL for proper folding and function in vivo. Overproduction of Aer may
exacerbate the need for GroEL.
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CHAPTER SEVEN
VII. Discussion
When this study commenced, aerotaxis was a well-characterized behavioral
response with an unidentified sensor. Identifying the Aer sensor spurred an
extensive search for other internal energy sensors. Subsequently, Taylor and
Zhulin (1999) uncovered over 300 PAS domains in all three kingdoms of life.
Using a combination of genetic analysis, bioinformatics, mutagenesis and
biochemical measurements, this study has characterized the molecular
mechanism of sensing and signaling by Aer and generated models for
intracellular energy sensing and, signal transduction within the Aer PAS domain.
Dissecting redox sensing and signaling mechanisms in Aer expands the
knowledge base on the diversity and conservation of signaling pathways in the
PAS domain superfamily. On a broader scale, the energy sensing and signaling
cascade of Aer may be a prototype for deciphering the complex redox, oxygen,
light and voltage sensing mechanisms in human PAS proteins.
A. Aerotaxis transducers are widespread in microbial genomes
Since the discovery of Aer in E.coli, several apparent homologs have been
identified in closely related y-proteobacterial species including S.typhimurium,
S.typhi, Vibrio cholerae, Yersinia pestis and Pseudomonas putida as well as in pproteobacterial species, Bordetella pertussis (Q. Ma and I. Zhulin, personal
communication; Nichols and Harwood, 2000). Aer-like transducers have also
been identified in Agrobacterium tumefaciens (a-proteobacteria) and in the
archaebacterial species, Archaeoglobus fulgidis and Halobacterium salinarum.
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Aerotaxis in H. salinarum is transduced by HtrVIII, a methyl-accepting
chemotaxis receptor (Lindbeck et al., 1995; Brooun et al., 1998). HtrVIII belongs
to a family of 13 putative transducers in H. salinarum (Rudolph et al., 1996;
Zhang et al., 1996). At the N-terminus, the protein contains six transmembrane
segments that are similar to the heme-binding domains of the mitochondrial
cytochrome c oxidase, while the C-terminal domain shares sequence homology
with signaling domains of bacterial chemoreceptors (Brooun et al., 1998).
Cytochrome c oxidase is a heme/copper protein that catalyzes the four-electron
reduction of dioxygen to water and HtrVIII may also enclose a heme
chromophore at its active site for oxygen sensing.
Recently a new class of myoglobin-like aerotaxis transducers were found in
Archae and Bacteria (Hou et al., 2000). The HemAT proteins of Halobacterium
salinarum and B. subtilis display spectral properties characteristic of oxygenbound heme proteins. Behavioral assays indicate that HemAT is essential for
the aerophobic response in H. salinarum while, the HemAT protein in B. subtilis
is involved in an aerophilic response. In contrast to E.coli, adaptation during
aerotaxis in H. salinarum and B. subtilis is a methylation dependent process (Hou
et al., 2000). The HemAT proteins constitute a novel class of heme-containing
oxygen sensors that differ from heme-binding proteins of the two-component
regulatory systems such as, FixL. HemATs do not contain PAS domains and
their absoprtion bands are blue-shifted relative to FixL (415 nm Soret band),
indicating a distinct heme-pocket geometry. In contrast to Aer, the HemAT
proteins are thought to sense diatomic oxygen by the heme chromophore in the
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ferrous state. Oxygen binding is thought to trigger conformational changes that
in turn alter the activity of the C-terminal signaling domain. The C-terminal
signaling domain of the HemAT proteins is thought to function like the highly
conserved domain of bacterial chemoreceptors and transduce signals to
cytoplasmic CheA and CheW proteins (Hou et al., 2000).
B. Metabolism-dependent behavior in bacteria
Evidence that Aer and Tsr transduce redox and energy signals concluded the
search for the elusive energy taxis receptor in E. coli. Aer belongs to a family of
chemotaxis receptors that transduce signals that direct the cell to swim to
favorable niches. However, Aer is unique in that it senses metabolismdependent parameters that modulate electron transport and proton motive force
such as, redox chemicals or metabolized carbon sources that effect cellular
energy (Rebbapragada et al., 1997; Taylor et al.,1999). The full range of energyrelated stimuli detected by Aer, Tsr or other chemoreceptors may not be
completely uncovered.
The prevalence of Aer homologs confirms the importance of energy taxis as a
survival mechanism. Energy taxis is a complex behavior that has been
compared to the adrenaline-mediated flight response in humans (Zhulin and
Taylor, 1998). Energy taxis is thought to override chemotaxis and rapidly move
cells away from hypoxic zones that deplete intracellular energy (Taylor, 1983a,b).
The occurrence of Aer transducers in the genomes of pathogenic bacteria also
suggests a role for energy taxis in bacterial colonization and virulence.
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Analysis of completely sequenced microbial genomes revealed that there is a
positive correlation between the total number of PAS domains and the
components of respiratory and photosynthetic electron-transport proteins (Zhulin
and Taylor, 1998). Parasitic microbial species that rely upon the host for energy
encoded fewer PAS domains. In contrast the hyperthermophilic archaeon
Archaeoglobus fulgidis and the cyanobacterium Synechocystis sp. contained
multiple PAS domains, photosynthetic and respiratory electron transport
pathways. This correlation underscores the importance of sensing energyrelated parameters such as, light, oxygen and redox potential for survival in a
complex environment. Thus Aer and other PAS proteins in E.coli (ArcB, PhoR,
DcuS and CitA) are part of the cell’s arsenal for monitoring energy metabolism
and enhancing survival in an unpredictable environment.
C. Conservation and diversity within the PAS superfamily
1. The conserved PAS 3D fold
Improved sequence analysis algorithms found in gapped BLAST and PSI
(position specific iterated) BLAST programs optimized the search for PAS
domains (Altschul et al., 1997; Altschul and Koonin, 1998). Using a combination
of manual alignment, gapped BLAST and PSI BLAST, Zhulin and Taylor (1999)
constructed a comprehensive multiple alignment of PAS domains present in
Bacteria, Archae and Eukarya. Based on the alignment we predicted that
conserved residues correspond to structural determinants for the PAS 3D fold
and non-conserved residues endow functional specificity for cofactor binding and
signal transduction (Repik et al., 2000). Our hypothesis is supported by the
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remarkable structural homology between PAS domains of functionally and
phylogenetically distinct proteins. The three dimensional structures of PYP, a
photoreceptor in E. halophila, FixL, a heme-containing protein kinase in B.
japonicum and, HERG, a voltage-sensitive ion channel in humans can be
superimposed with minimal deviation of the backbone (Genick et al., 1998; Gong
et al., 1998; Morais Cabral et al., 1998).
2. Active site for signaling
Mutagenesis of 42 Aer residues confirmed predictions made by bioinformatics
and identified conserved and unique regions in the PAS domain of Aer (Repik et
al., 2000). Concurrently Bibikov et al., (2000) randomly mutated Aer and
identified residues in the PAS and HAMP domain necessary for signaling and
FAD binding. Conserved residues in the PAS core that are critical for Aer
signaling are thought maintain intra-domain contacts and form the structural
backbone of the PAS domain. Non-conserved residues in the EF loop participate
in FAD binding and form the active site for signaling.
The three dimensional structural model of Aer and mutagenesis data
corroborate that Aer is more closely related to PYP (Fig. 7.1.). The importance of
the EF loop in Aer emphasized similarities with PYP and differences with FixL,
where the heme and active site are centered around the FG loop. PYP has been
resolved at 0.85 A resolution and is the proposed structural prototype for PAS
domains (Genick et al., 1998; Pellequer et al., 1998). Furthermore, the
conformational changes upon excitation of the hydroxycinnamic acid
chromophore have been captured on a millisecond time scale and residue
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Fig. 7.1. Cartoon of the putative active site for signaling
in the Aer PAS domain.The structure of the Aer PAS
domain (residues 1 to 119) was modeled with the
ProModll program using PYP as the template (Chapter
IV). The major pocket in the Aer PAS domain is shown
from an angle that shows the spatial relationship of
residues involved in FAD binding and signaling. A
portion of the backbone was removed by the Slab
function in RASMOL. Cysteine replacement of the
residues shown as stick models produced a null
aerotaxis phenotype (green), inverted responses (yellow)
and a CW signaling bias (purple). Hydrophobic residues
that may extend into the solvent are shown in cyan.
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movements during the photocycle have been mapped in detail (Genick, 1997;
Pellequer et al., 1998, 1999). Upon photon absorption, the chromophore
undergoes a trans to cis isomerization that leads to local changes in protein
structure to produce a new set of active site hydrogen bonds. Movement of
Arg52 in the PAS core grants solvent access to the chromophore in the bleached
blue-shifted intermediate. Arg52 is also a putative protein interaction site with
downstream signaling components.
Oxidation and reduction of the FAD cofactor could cause analogous
rearrangements of protein structure and hydrogen bonding to permit protein
interaction between the PAS and HAMP or HCD domains. Mutations in the Aer
PAS core that altered receptor function, correspond to residues in PYP that are
postulated to mediate protein interaction. Mutagenesis of predicted surface
residues in Aer may identify the patch of exposed hydrophobic that is implicated
in protein interaction.
FAD binding residues in the EF loop project into a pocket that could enclose
the cofactor. The Tyr111 residue is centrally located in the I beta scaffold.
Tyrosine is generally conserved in the beta sheet adjacent to a dinucleotide
binding site in flavoproteins (Zhuo et al., 1998). The conserverd tyrosine usually
shares pi-orbital electrons and forms van der Waals contact with the
isoalloxazine moiety of the flavin to maintain redox potential of the cofactor
(Karplus et al., 1991; Xu et al., 1999; V. Massey, personal communication).
Changes in flavin redox potential due to the Y111C mutation could alter electron
exchange with an upstream component and invert Aer receptor output. The
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redox potential of the AerY111C holoprotein must be measured to confirm this
hypothesis.
3. A subset of redox sensors
Of the 3 FAD binding residues in the EF loop, His58 and Asp60 are
conserved in a subset of 40 PAS proteins that include, Aer homologs, the WC-2
protein of N. crassa and the mammalian PER, ARNT and CLOCK proteins. This
diverse group of proteins containing the HXD motif may represent a subset of
redox sensors in the PAS superfamily. It is possible that redox stimuli lead to
analogous changes in the EF loop and active site of this protein subclass. The
knowledge gleaned from mutagenesis of Aer will help clarify the redox sensing
mechanisms in this subset of proteins.
4. Diverse PAS modules in prokaryotes and eukaryotes
PAS domains in prokaryotes are usually found in histidine kinase sensor
proteins belonging to the classical two component regulatory systems. In this
system, the PAS domain acts as an input module that transduces signals to the
transmitter domain of the sensor kinase that ultimately modulates the activity of a
response regulator protein. Prokaryotic PAS domains regulate diverse output
signals including, transcription of nitrogen fixation genes by FixL and NifL, energy
metabolism by ArcB, sporulation by KinA, virulence by BvgS, nodulation by NodV
and toluene degradation by TodS (Zhulin and Taylor, 1999). In eukaryotes, PAS
domains are often found adjacent to a N-terminal basic helix-loop-helix (bHLH)
DNA-binding domain as observed in the CLOCK, Hypoxia inducible factor-alpha,
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aryl hydrocarbon nuclear translocator (ARNT) and SIM proteins or in voltagesensitive ion channels like HERG.
Overall the signal transduction from PAS domains to downstream
components is not well understood however, protein-protein interactions
particularly heterodimer formation are a hallmark. Communication between the
Aer PAS and HAMP or HCD domains will entail different conformational changes
from PAS domains that signal to response regulators in the classical two
component system or, the bHLH DNA binding domain. Nevertheless, studies on
how the Aer PAS domain contacts the HAMP domain and the conformational
changes resulting from redox sensing will add to the repertoire of signal
transduction events mediated by PAS proteins.
5. Implications for oxygen and redox sensing in complex organisms
Hypoxia is a fundamental physiological response in all organisms, and is
critical in the pathogenesis of myocardial ischemia, stroke and cancer (Semenza,
1999). Although several signal transduction and gene regulatory mechanisms
have been established to operate in response to oxidative stresses induced by
intracellular oxygen radical production or oxidants, mammalian gene regulatory
pathways that respond to hypoxia have become apparent only recently (Lando et
al., 2000).
Hif-1a is a bHLH-containing PAS protein that induces a variety of genes in
response to hypoxia (Guillemin and Krasnow, 1997). Hif1-a heterodimerizes with
ARNT and acts in concert with insulin to induce transcription of glycolytic
enzymes, glucose transporters, erythropoietin and, vascular endothelial growth

266

factor, to maintain energy balance in response to hypoxia or energy flux (Zelzer
et al., 1998). The stimuli sensed by the PAS domain of Hif-1oc have not been
clarified. However several lines of evidence suggest that a redox sensitive
mechanism is responsible for differential DNA binding activity by Hif-1a (Huang
et al., 1996, 1999; Morwenna et al., 1997; Lando et al., 2000). For example,
redox active chemicals perturb the activation of Hif-1a. A redox reaction in the
iron center of the protein may determine whether Hif-1a is degraded under oxic
conditions (Srinivas et al., 1998). One study posits that oxygen competes with a
redox chain which supplies electrons to a signaling molecule that maintains Hif1a in the reduced and active form (Morwenna et al., 1999).
Circadian clocks and voltage-sensitive ion channels are other classes of
mammalian PAS proteins. Although a variety of oxygen sensitive ion channels
have been described, the mechanisms of oxygen sensing remain elusive. Redox
compounds are thought mimic hypoxia in potassium channels (Yuan et al.,
1994). The Wc-1 blue light sensor maintains circadian responses in Neurospora.
Blue light responses are also transduced by Aer and may offer insight into the
complex behavior.
The E.coli Aer transducer may be an excellent candidate for the study of
more complex oxygen / redox sensing mechanisms. The advantages of studying
Aer include, the well characterized chemotaxis signal transduction cascade, the
rapid behavioral phenotype and the ease of performing genetic manipulations in
E.coli. A chimera encoding the PAS domain of Wc-1 or Hif-1a and the C-
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terminus of Aer may help determine the effect of redox molecules, electron
transport and light on signaling.
D. Future studies
Current projects are focused on identifying contact sites and signaling
pathway between the PAS and HAMP domains. The pattern of Aer expression is
also being studied to determine whether the ArcA/B regulon, ct28 or cAMP
coordinate aer transcription and ascertain the physiological role of Aer during
different growth conditions. Several aspects of Aer function still remain unsolved
and future studies can tackle a variety of topics from different angles.
1. Upstream signaling component
The upstream signaling component that transduces redox signals to Aer has
not yet been identified. Cells lacking NDHI or NDHII retained Aer mediated
responses. Perhaps both dehydrogenases are able to interact with Aer.
Aerotaxis can be measured in a nuo ndh2 tsr mutant to determine whether Aer
can sense changes in electron transport or redox in the absence of the primary
dehydrogenases. If aerotaxis is not abrogated in the absence of NDHI and
NDHII, Aer may be in equilibrium with the quinone pool, another signaling
component or detect the ratio of reduced to oxidized FAD in the cytoplasm.
Since aerotaxis does not plateau even when Aer is highly overproduced, the
upstream signaling component or molecule must be present at high levels to
sustain the response.
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2. Signaling mechanism
The signaling mechanism of Aer has not been determined. PAS domains
generally transduce signals to downstream components via direct protein protein
interaction. While, chemoreceptors are thought to transduce signals from the
periplasm into the cytoplasm by a piston motion of the transmembrane helices.
An Aer construct lacking the TM sequence did not resurrect aerotaxis in aer tsr
cells suggesting that signaling may involve transmembrane movements (Q. Ma,
personal communication). However, it is possible that the spacing between the
PAS and HAMP domains is greatly altered in the delta TM construct such that
proper contacts cannot be made. Constructs containing flexible alanine linkers in
place of the transmembrane domain are being tested to determine the
mechanism of signaling between the PAS and HAMP domains. Another
experiment would be to spin label TM cysteines (Cys 193 and Cys 203) and
measure movement of the helices with EPR spectroscopy according to Ottemann

et al., (1999).
3. Conservation of PAS sensing mechanism
To determine whether Aer homologs share a common signal transduction
mechanism, Aer from other species can be expressed in E.coli aer tsr cells and
their ability to restore aerotaxis can be measured. It is possible that the FAD
associated with Aer sensors in unrelated species have a different midpoint
potential. Conservation of PAS mediated signal transduction in other redox
sensors can be tested by exchanging the PAS domain of Aer with the domain of
another sensor.
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4. FAD parameters in Aer
The midpoint potential of FAD and the physiological electron donors and
redox cycle must be determined. NifL has a redox potential of-226 mV,
oxidation proceeds rapidly to activate the protein while in contrast, the switch
from the active to reduced form occurs slowly (Macheroux et al., 1998). The rate
of electron transfer to the PAS domain of Aer in response to different redox
stimuli will help us understand the physiological redox sensing mechanism. The
redox potential of AerY111C should also be measured to determine why this
residue substitution inverts aerotaxis.
5. Solubility
Efforts to measure redox potential have been stymied by problems in
obtaining large amounts of soluble protein. Solubility may be improved by
replacing putative exposed hydrophobic residues with polar residues.
Alternatively protein can be solubilized from inclusion bodies with urea or
guanidine hydrochloride and renatured for redox measurements. Aer homologs
in closely related bacterial species can be assayed for improved folding and
solubility.
6. Topology
Topology predictions suggest that the transmembrane helices form a tight
hairpin turn at a centrally located Pro186 residue. In light of the difficulties in
obtaining crystal structure of membrane proteins, intramolecular cross linking as
described by Falke et al., (1988) can be performed to determine the spatial
proximity between TM residues, whether Pro186 is periplasmic and which
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residues are on the protein surface. Replacing Pro186 with cysteine did not
perturb Aer function. The role of Pro186 in maintaining structural integrity of the
protein can be further tested by substituting non-turn inducing residues (such as
Ala) and mutating adjacent residues.
Intermolecular cross linking can be utilized to determine the spatial proximity
of PAS domains in adjacent monomers. Are PAS or HAMP domains in adjacent
monomers in contact? (Fig.7.2.). If PAS domains within the dimer are in contact.
redox induced conformational changes in one domain may be transduced to the
other monomer. Similarly HAMP domains may be able to communicate within a
dimer. Alternatively, the PAS domain of one monomer may be juxtaposed with
the HAMP domain of another monomer to mediate intersubunit signal
transduction as observed in truncated Tar receptor dimers (Gardina and Manson,

1996; Tatsuno et al., 1996).
7. Is the receptor always a dimer?
Studies with truncated receptors indicate that Aer2-23i can form a dimer in the
absence of the HAMP domain (S. Herrmann, personal communication).
Although other chemoreceptors are dimeric in the absence of bound ligand, Aer
lacks the periplasmic binding domain and dimerization may be stimulus-induced
as in eukaryotic receptors. The role of redox stimuli in Aer dimerization can be
investigated.
8. Adaptation and sensitivity of Aer responses
The issue of how Aer adapts in the absence of methylation has not been
investigated carefully. Amidation of glutamate residues in the C-terminus of Aer
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Fig.7.2. Possible mechanisms of intra-dimer signaling. Signaling may
occur between two adjacaent PAS domains (A) or, two adjacent HAMP
domains (B).
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may cause conformational changes that return the receptor to steady state
conditions. Alternate mechanisms must be identified to explain how the Aer
receptor is reset to steady state signaling despite the persistence of high oxygen
conditions.
Low abundance receptors mediate responses that are as strong as those
elicted by Tar and Tsr due to lateral interactions in arrays of receptor clusters
(Spudich and Koshland,, 1975; Levit et al., 1998). In the absence of high
abundance receptors, the intensity of Trg mediated responses is shortened and
indicated that cross talk occurred between low and high abundance receptors
(Feng et al., 1997). Aer mediated responses in a receptor-less strain is intact
and suggests that it does not function in a cluster. Aer may mediate a strong
response due to an ultrasensitive sensing mechanism (Stock, 1999). Aer copy
number must be accurately determined. Gold labeled anti-Aer antibody and
electron microscopy is currently being used to determine whether Aer complexes
with other chemoreceptors. Alternatively, FITC-labeled antibodies and laser
scanning microscopy can be used to detect Aer locazation and clustering.
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